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ABSTRACT

This report is a revision and update of the original geologic site
characterization report that was published in 1980. Many of the topics
addressed in the earlier report were predictive in nature and it is now
possible to reexam ne them sone 12 years |ater, using the data from 17 new
caverns and nore than ten years of SPR storage experience.

Revi sed maps of the salt configuration show an overhang and faults on
the north side of the done, defining nmore clearly the edge rel ationships
with respect to the SPR caverns. Caprock faults may locally influence the
pattern of subsidence, which is occurring primarily as a result of cavern
creep closure. The greater subsidence rate occurring at West Hackberry
will likely require mtigative action within a few years. Seismcity of
low intensity recurs infrequently at West Hackberry, but a smal
eart hquake in 1983 caused dish rattling in the immediate vicinity.
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| NTRODUCTI ON AND PURPCSE

The initial geologic site characterization report [Ref. |] was
conpleted in 1980, when only the five caverns that were acquired fromthe
Qin Corporation (#s 6,7,8,9, and 11) existed. Since that time 18 cavern
wells were drilled and 17 new caverns were | eached and are now sonme 90%
filled with crude oil, toward the currently authorized site capacity of
219 mllion barrels (MvB). The construction of the new caverns has
significantly enhanced our confidence in understanding the salt done
features.

In addition to information that has becone available during nore than
10 years of SPR operation, new data are al so avail able from numerous
comrercial wells adjacent to the site

This report is a revision and update of the earlier site
characterization report, placing the geologic understanding in better
perspective.  Several aspects are given special'attention in the report:
salt contours and structural interpretations as they relate to cavern
integrity; subsidence history over SPR caverns; and potential flooding
during future operations. In nunerous cases, the original maps are re-
interpreted in light of the new information, and with reference to current
(1991) concepts of Qulf Coast geol ogy.

New or Revised |nformation

The 18 new cavern wells provided detailed information on the character
of the salt mass and also the salt contours on top of the done. A new
salt map is presented, along with new interpretations of the structura
geol ogi cal configuration. These have been aided by oil conpany
interpretations and data, especially on the north side adjacent to Bl ack
Lake

Configurations of the 22 caverns are discussed, along with the ten-
year operating history at the site. Few, if any, problems exist although
Cavern 111 has behaved in an atypical manner. The 3-dinensional conputer
model shows that Cavern 111 is approximately 200 ft further fromthe edge
of the salt than previously estimted. However, a fault and shear zone
have been found in its vicinity.

Subsi dence occurring over the cavern field has been resurveyed
annual |y for sone eight years at nore than eighty survey points, and
sufficient data exist to make definitive judgnments on future direction
The data show that West Hackberry is subsiding at a greater rate than the
other SPR sites and that the areas on the site with low elevation wll
eventual |y require protection from permanent inundation. The adjacent
coastal marshlands are al so subsiding and some 35 sq m/yr of south
Loui si ana i s becom ng open water and part of the Qulf of Mexico. Present
conditions and future trends suggest that the higher portions of the West
Hackberry site are effectively an island in the marsh (see frontispiece),
and that eventually it will be a small island in open water with direct
connections to the Qulf.



Hurri cane surge heights have been revised to a higher value than
previously indicated; current 100 yr flood stage heights are about 10 ft
above nean sea level (anmsl) at the site. The eye of Hurricane Audrey in
1957 passed about 12 m west of the site and produced high water narks of
10 ft above mean sea level at that |ocation.

Nati onal seismc zonation maps have been refined in the past ten
years, but the Qulf Coast interpretation is little changed, the area being
essentially aseismc. Nonetheless, new data and a small earthquake (1983)
near the site are discussed.

GEOQUA C ASPECTS

The geol ogi ¢ discussion presented in Appendix A conplenents that given
in the earlier report [Ref. |] and is not intended to duplicate it. The
geologic information base is needed to help maintain the integrity of the
oi | storage caverns and includes the extent and character of the salt done
inits regional setting. The salt mass containing the oil is in turn held
and stabilized by the regional sedinments into which the salt dome is
intruded. The |owperneability muds, particularly those at geopressure
formng the shale sheath, formadditional protection for any oil stored in
the donme [Ref. 21. Figures 1 and 2 are structural contour maps show ng
depth to Anahuac and Hackberry shale units, respectively. Figure 2 also
shows the location of cross-sections used in subsequent figures. Table 1
expl ains the abbreviated stratigraphic units shown on the sections.

Hydr ol ogy

Fresh water is found on the island in the upper glacial-equival ent
sands of the Chicot aquifer. The Wsconsin is freshest and nost potable,
although the Illinoian is also suitable for industrial use. The |ower
Wsconsin or Alton is referred to as the 200 ft aquifer.

The water in the caprock may contain quantities of hydrogen sulfide.
At the base it is saturated brine in equilibriumwth the salt that it is
di ssolving. Deeper waters in hydrocarbon-bearing sands around the dome
vary fromfully saturated brines in the nore nassive M ocene sands
mneralized close to the salt, to anomal ously-fresh carbonate-saturated
brines rich in boron, vanadium and other ocean-floor concentrates in
i sol ated sands in contact with geopressured shal es.

The DCE injection well field is located on the opposite (south) side
of the done fromthe oil storage caverns. Directionally drilled froma
central pad on the steep southeast flank of the done, all the wells were
completed in the RL zone at the top of the |ower Mocene (see Table 1).
This well-sorted marine bar sand exhibits good perneability at the top
and di ps 30 degrees south-southeast. Al of the wells took brine at
relatively good rates initially.
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Wth the conpletion of the brineline to the Gulf in 1980, these
di sposal wells have been on standby nost of the time. Wien the brineline
has been shut down for repairs, the wells have required extensive
aci di zation, the screens have been eaten away and the holes have filled
with sand. Expensive workovers have not cured the problems, resulting in
injection costs per barrel that are greater than those experienced at
other SPR sites.

These existing wells can potentially be reconditioned cost-effectively
using industry reconpletion practices that have been devel oped in the
intervening 15 years since these wells were installed. At this location
the upper Mocene sands are thin and relatively inperneable, the Pliocene
silty, and the upper Pleistocene is fresh-water-bearing, so the best-
avai l abl e reconpletion zone is in the basal Pleistocene Lafayette grave
and the immediately overlying Nebraskan gravel. These units are point-bar
river gravels which have the basal perneability required for successfu
brine injection.

Figure 3 shows a fresh upper Illinoian gravel at a depth of 830 ft in
contact with a saline lower gravel, above a Kansan unit at 1520 ft that is
too thin to use for injection, and an attractive basal gravel at 1670 ft.

The industry technique of reconpleting a well by sinply perforating
t he pi pe above the screen has become standard, elimnating the many
probl ens encountered in successfully nmaintaining screened conpletions.
Wth relatively large-diameter pipe in these wells (9 5/B" final casing
7" injection string), sustained injection rates of 30,000 barrels per day
shoul d be achievabl e.

By leaving the rest of the hole open, the inevitable sand fill which
occurs during shutdowns needs be cleaned out only at long intervals. By
reconpleting in relatively-clean river gravels, the amount of sand fill in

the wells can be mnimzed at a rate far below that of the origina

"gravel packs," which are actually 20-40 mesh Qttawa sand occurring behind
the screens in the DOE wells, and which is ejected when these screens are
destroyed during acidization

The perneability of the injection gravels will decline with any
particul ates injected with the brine. Thus the required injection rates
cannot be maintained without surface facilities to settle and filter the
brine; alumin the brine pond in conbination with cyclones and polishing
filters are nore effective than the original sand filters eventually
installed at SPR sites. Additional data on these injection zones can be
found in Reference 3.

Capr ock

The caprock top is a massive carbonate, a correlative unit that can be
traced all the way across the dome at approxinmately 1600 ft bel ow sea
level (Figure 4). This unit is a dense but cavernous |ime marker with a
distinct resistivity signature on electric |ogs.
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It lies on top of flat salt across the dome, as a result of the
| eaching of salt to a flat surface by groundwater as the done rises
through the overlying sedinments. The relatively insoluble anhydrite
accunul ates as a cap and, in the presence of nethane gas seeping up the
face of the dome, is partly converted to carbonate. The continued upward
movenent of the salt with leaching to a flat surface creates a conpl exly-
faulted and fractured domal- to flat-topped cap containing extensive
i nterconnected voids ranging from small vugs to caves.

The caprock at West Hackberry is relatively thin (-400 ft) and linmted
in aerial extent. It does not overdrape the steep sides of the dome, as
occurring at the next dome north, Sul phur Mnes -- a small, round conica
done

Mbst of the SPR caverns are |ocated near the mddle of the dome where
caprock conditions are relatively uniform However, Cavern 111 is |ocated
near the steep outer edge of the salt, at the feather edge of the caprock
(Figures 5, 6). The subsurface control near Cavern 111 is linited. The
closest wells drilled into the solid salt face are in Section 19 to the
west and Section 16 to the northeast. The intervening control includes
one well that included salt-mneralized sands at a depth of approxi mately
3000 ft, indicating that it is close to the salt face, as shown on the
cross-section (Figure 6). The resultant interpretation as shown on the
salt map (Figure 7) is sufficiently straight, except for the radial fault
believed to be related to a possible shear zone, to make the cavern quite
secure despite the evidence for an overhang. The seismc surveys, while
inconpl ete, support this interpretation, as does gravity data

If oil |eakage fromthe storage caverns were to occur it would mgrate
into the caprock and join the much | arger volune of oil which has mgrated
up the face of the salt dome. Although no commercial wells have been
conmpleted in the caprock at this dome due to its relatively |ow porosity,
the thin overlying sands are oil productive and adequately sealed fromthe
surface by nore than 200 ft of nmud. However, gas may |eak through these
muds. The gas accumul ati on under the brine pond liner is apparently
bi ogeni ¢, originating possibly fromunscarified decaying grass [Ref. 151,
but at other domes is indicative of escaping hydrocarbons. Shallow
domestic water wells nearby al so make gas. Thus, the risk of
envi ronmental contam nation through mgration paths already naturally
filled with hydrocarbons nmay be moot.

Lost circulation: The hydrology of caprock is controlled by the large
voi ds created in the solution process. Athough the water is saturated in
carbonate throughout, in sulfate half-way down, and is saturated brine at
the base, the flowis sufficient to keep the top of the salt very nearly
flat. Hydrologic calculations of the rate of salt solution (which nust be
close to that of intrusion inside the done) were made at Bayou Choctaw and
found to be in agreement with the geologic data of uplift on the flanks.

Thus, lost circulation is to be expected while drilling caprock,

al though the problemis less in thin caprock here than, for exanple, at
Big HII where the caprock is one of the thickest known in the Qulf Coast.

13-14
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The nost cost-effective nethod of penetrating the caprock has clearly been
denonstrated to be drilling without returns. By using water instead of
mud to cool the bit, hole can be made in this brittle rock w thout
cenenting every few feet, once casing is set in the hard carbonate

capr ock.

i de: West Hackberry may have significant concentrations
of hydrogen sulfide. This toxic gas, conmonly known in oilfield
termnology as "sour gas," is formed in the reaction of hydrocarbons with
anhydrite to form carbonate caprock and sul phur.  Al'though sul phur
exploration was not conmercially successful, there are abundant shows of
sul phur at the top of the anhydrite cap, particularly in the usua
| ocation near the rimof the dome. West Hackberry has been prospected and
is close to many domes that have produced commercial sul phur, including
H gh Island, Fannett and Spindletop [Ref. 41

As a result hydrogen sulfide is detectable $n nost salt-dome caprocks
[Ref. 51. The presence of hydrogen sul fide conplicates drilling through
the hard caprock because everything in the hole, including the dril
string, turns black and corrodes. Any pipe harder than APl (Anerican
PetroleumInstitute) Cass Eis subject to brittle failure under norna
fatigue |oads, particularly when corrosive saturated brine nust also be
used (to drill into salt). N ckel and manganese, used to harden the
steel, are more subject to sulfide corrosion and cracking than even iron

Eapiiogk is characteristically faulted in nost of the cores
that are recovered, so much so as to be a perneable junble of broken
blocks with secondary calcite cementation. Some of these faults extend to
the surface, and may control subsidence as well as localize snall, natura
shallow oil accunulations. The faults are further suggested by the shape
of the triangular subsidence trough [Ref. 181, and by the producing wells
on higher blocks across the top of the done.

The active shallow faults originating in the caprock or salt shear
zones have only displaced the Recent sedinents a few feet. They do not
pose any apparent risk to the storage caverns by thensel ves, but
subsi dence al ong them coul d conceivably damage surface facilities or well
casing, as has occurred at other dones used for storage of (LPG products,
e. gap Stratton Ridge, TX [Ref. 61

Sal t

The general shape of the conbined East and West Hackberry dones, a
flat-topped and slightly-tilted ellipsoidal cylinder, is simlar to that
of nmost elongated salt domes. In the case of Hackberry, the tilt is
northward. The west end is relatively blunt and the east end, at the
saddl e to East Hackberry, sharply pointed (Fig. 7). This disagrees
significantly with the earlier interpretations [Ref. 11, which included a
deep valley on the north side and an elongate conical done. As a result,
several significant revisions in the external geonetry of the salt stock
were required in revising the dome contours.
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Commercial exploratory drilling was very limted in the area from 1986
to 1991 because of the decline in oil prices, so little new data has been
avai l abl e, although a few old wells have been tw nned to keep up
production. The steep southeast face along with the sharp east end
suggests that a transformor wench fault separates the domes.

Studv Method: Sedinent structure around the dome is used in this
study to help define the salt face. Methods of determning the salt face
include dip and convergence or thinning of the beds uplifted by the salt
i ntrusion.

Asymptotic Dip: Fromflat beds in the bottomof the rimsyncline, the
dips of the sedinents around the salt increase 65 degrees in many places
agai nst the near-vertical face. This asynptote allows the horizonta
position of the salt face to be calculated fromthe observed change in
di p.

Convergence: In addition to structure, as discussed bel ow,
stratigraphic variation is used in this study to help define the edge of
the salt. That is, the intersection point at which projected beds neet is
a good estimate of the salt face. There is extreme convergence in the
Aigocene with its thick shales but very little convergence in the
overlying Mocene Sands. The resultant thinning is particularly apparent
in the oil-productive Frio sands

Rate & Uplift: The overall average intrusive rise of the dome as a
whol e can be calculated fromthe uplift of dated marker beds that are
asynptotic to the face of the salt. The deepest penetrated, Hackberry
shal e sheath (HB), sone 40 mllion years old (ny), has been uplifted sonme
7000 ft, the top of the Aigocene (DR 30 ny) 6000 ft, mddle Mocene (AB,
15 ny) 3000 ft, Mocene (10 ny) 2000 ft. Pliocene (2 ny) 500 ft, and
Peorian (p, 0.5 ny) 100 ft. These values are all very close to a rate of
0.1 miyr, which is the same as that obsenred at Bayou Choctaw and Big
HIl. This rate is exceeded only by the Five Island Chain, including
Weks Island, which has an apparent uplift rate as high as 4 miyr.

Snines: The spine theory of salt intrusion and its validation in
mnes is reviewed in the Weks Island SPR Ceol ogi cal Characterization
Report [Ref. 73. The well log data and their correlation at Weks shows
two spines separated by a shear zone in the south half of the done used by
SPR. The spines are interpreted as anticlinal features or dones in the
anhydrite correlation data at Big H Il [Ref. 81

In east-west domes |ike West Hackberry, the salt flow |ikely occurs in
wi del y-separated spines. However, there is insufficient control within
the salt to define these spines by their shear zones, i. e., areas of nore
anhydrite which separate them The holes that were drilled to | each the
new DCE caverns were only partially logged and a few cores cut. Only one
hol e per cavern was drilled (except 117, which has two) and | ogged through
the salt, so that it was not possible to use the methodol ogy devel oped at
Big H Il for mapping anhydrite bands and thereby the internal structure of
the salt intrusion. Consequently, any additional cavern devel opment shoul d
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require exploratory drilling and logging to delineate such features within
the salt mass, even though specific effects on cavern construction may be
specul ative

Core sanples show that the salt is relatively dark with considerable
di sseminated anhydrite, even in the mddle of apparent spines. The salt
crystals are tightly interlocked, as a result of the conpaction due to the
wei ght of the caprock. This dark salt, believed to be less recrystallized
since uplift, is typical of slower-noving dones.

Shear Zones: Al salt dones that have been studied have their shear
zones centered on and parallel to the underlying salt ridges. The shear
zones are always between the spines. They are observed as a high
concentration of near-vertical anhydrite and other inclusion bands,
usual Iy reflected as a sharp trough or low on the surface of the salt.
Sedi nent trapped between the spines in an overhang coul d be incorporated
into the salt dome by continued intrusion, creating potential problens if
cavern leaching is attenpted across shear zones'

The postul ated northeast - sout hwest shear zone correlates very closely
with the fault running into the overhang (Figures 8, 9). A secondary shear
zone normal to this appears to cross it over the center of the done,
sonmewhat |ike Weeks Island. This conplication may be related to the
apparent steep dips in Mocene sedinents near the northwest comer where a
radial fault ties in with the apparent shear. This shear zone al so
represents the axis of the salt ridge upon which the done sits.

The partial, near-vertical overhang on the north side adjacent to the
site is a nuch-less conplete seal, requiring lateral sealing along the
shear zone which has acted as a fault beyond the edge of the salt stock
It is unlikely, however, that all the oil and gas trapped against this
salt dome have been found.

Wll Control

Significant drilling has been done close to the salt face around the
done since the original geologic characterization. Aroco has drilled two
additional wells downdip in the productive salient at the southwest coner
of the done which do not change the interpretation of the salt face. Al
of the available well data are included in the appended Wl | Tabl es
(Appendix D). A long overhang may limt the depth and extent of caverns
in a broad arc across the north side of the DOE property. This overhang
is very nearly vertical, like the north side of Weks Island and the Vst
side of Bayou Choctaw, and unlike the 60 degree overhang on the south side
of Big HII.

Seismic Data
The original seisnmc data from 1983 was obtained under contract by

Wodward O yde Consultants, Inc. However, the lines were not extended out
into Black Lake far enough to get good reflections fromthe steep salt
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face and its flanking sedinents. The only data is fromthe top of the cap
and salt.

Anoco data is available, possibly indicating an overhang. The
critical line, closest to Cavern 111, was to have been reprocessed in
early 1991 to help resolve the overhang uncertainty, but with | ower oil
prices apparently has been delayed indefinitely.

Anoco gravity data was examined to inprove the interpretation of
shallow faults, salt spines, and possibly subsidence. The data support
the overall interpretations reported on here

Sﬁlt Contours

The salt contours (Figure 7) were fitted to the digitized database
using nore than 50 cross-sections, snmoothed both horizontally and
vertically between the faults found in well cuts (in the oil-bearing and
overlying sedinments near the salt). The nost inportant changes in the
shape of the dome from previous maps are the overhang and faults on the
north side, next to the SPR storage site.

Most of the shape of the rest of the dome, connecting to East
Hackberry in a neck protected by shale, is smoother than previously mapped
since we have shown that the shallow sol ution topography on the top of the
done is unrelated to the steep flanks which have never been systematically
contoured via conputer graphics with a digital database.

An east-west and three north-south cross-sections (Figures 6, 8, 10,
and 11; located on Fig. 2) have been prepared fromthe digitized database
for this report. The two westernnost north-south sections show clearly
the overhang just north of the SPR site

The westernnost section (Figure 10) shows the northwest conmer of the
dome where the conplex near-vertical Frio sands have been dragged up to
al nost cover the shoul der of the dome. The oil has |eaked up into the
basal M ocene sand, and probably fromhere into the sands above the
caprock. A similar conplex area is found in the same position at Weks
I'sl and where the near-vertical sands are basal M ocene age.

The m ddl e north-south section (Figure 6) through the SPR caverns
shows the normal 60 degree dips extending nearly a mle out fromthe salt
overhang, providing nost of the oil production

The easternnost section (Figure 11) shows a wi de band of geopressured
Hackberry shale truncated by the unconformty at the top of the Oigocene
which protects the salt face, suggesting a large area of undevel oped
storage potential.

The east-west section (Figure 8) runs the length of the done, crossing
the SPR storage area and showing one of the faults believed possibly
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activated by cavern creep and bounding the triangle of greatest surface
subsidence. This fault is the surface expression of a probable shear zone
separating active spines. It shows on both salt and caprock nmaps. W have
no evidence that any of these faults intersect the caverns, or the well
casi ngs.

St-ctural l1ntemretat\V |
Done-Rel ated Faul t - The shear zone observed in the new wells

continues outside the salt as the single radial fault on the donme (Figures
1, 2) that is oil productive, having been substantiated at the northwest
conmer of the dome and discussed earlier under the section on shear zones.

The West and East Hackberry Salt Dones, along with the Big Lake
structure to the east, form an east-west ridge in the niddle of the
Hackberry enbaynent, the nost prominent Frio feature of the Qulf Coast.
It is alarge depression that was filled in Aigocene mddle Frio tine
with deep-water shale. Big HIl, a previously characterized SPR dome
lies on the west edge of the enbaynent [Ref. 81

The rim syncline surrounding the salt ridge represents the equilibrium
in the intrusive salt between the sands being deposited fromthe northwest
and t he Hackberry Rrbayment.

SPR SYSTEM CONSI DERATI ONS

The effects of regional and local geology may affect the SPR
operations in a variety of ways. These aspects are discussed in the
fol  owi ng pages.

Cavern Configuration

The five caverns which were purchased fromthe din Corp., VH6, 7, 8
9, and 11, existed at the tine of the 1980 site characterization. The
geonetry of these caverns is unchanged, but refinements in sone of the
technical data have been made; these changes are indicated in Table 2,
along with the data fromthe 17 new caverns, WH 101-117. Caverns WHIQ -
116 are single-well caverns, whereas WH 117 is a two-well cavern, sinilar
to the Phase |1l caverns at Big H Il

Tabl e 2 was conpiled by Boeing Petrol eum Services and |ists the nost
rel evant paraneters associated with cavern integrity. Al depths are
given in feet below the bradenhead flange (which varies from4 to 19 ft
ansl ), but cavern-induced subsidence is gradually |lowering the nean sea
level values. A brief description of the data follows:

"Cavern nunber" is shown on Figures 5 (base map), and 13 (air photo)

"Date constructed” indicates time of |eaching, but does not include
wor kovers, etc., performed subsequently.
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TABLE 2: WEST HACKBERRY CAVERN GEOTECHNICAL PARAMETERS
DataCurrentto6/05191
Cavern Roof Distance Distance BHF
Date Volume, Top Top Casing Top Bottom Cavern, Cavern Diameter Nearest Pillar Thickness to Dome To Property Elevation,

Cavern Constructed MMB Caprock Salt Seat Cavern Date Height (H) D) H/D Cavern Thickness(P) P/D (B) B/D Edge(E) EMD Line 1966
6 1926 5.0 —1596 -1949 =2562 =3249 -3390, 01/91 14T 662 0.21 9 331 0.50 1300 1.96 480 0.73 350 5.2
7 1946 37T =155 =1992 =2393 =2552 -3494, 01/91 947 315 2.99 [ 609 193 560 1.76 | 1650 5.24 189 4.3

6 1946 1073 =1515 =2035 =2337 =2450 3449, 12/90 999 272 3.67 ) 149 0.55 415 1.53 1700 6.25 239 13.2

) 1647 EAY =1550 =2100 =2525 =3213 -3555, 02/91 342 5% 0.75 9 149 0.33 1113 2.45 1206 2.64 744 11.8

puy 196 86 =1529 =2085 =2790 =295T -3756, 02/91— | 804 276 7.92 106 567 2.05 866 3.13° 1 2500 9.06 349 10.9

10t 05/81-12/83 2 =1609 =2050 =243% =2555 —4440, 03/91 1885 206 J.15 T03 397 T.93 505 745 [ 2600 12762 735 18.7

102 02/82-11/84 11.1 -1621 -2063 -2440 -2628 —4498, 03/91 1870 208 9.08 103 448 2.17 565 2.74 2210 10.73 122 15.8

163 05/81-01/84 0.2 =1558 =2038 =2432 =2667 -4423, 01/91 1756 205 a.57 10T 397 1.84 629 3.07 [ 1900 9.27 746 16.0

107 05/81-02/84 5 =156T =2076 =2450 =2625 -4546, 02/91 T92T 206 9.33 102 450 2.18 549 2.67 [ 3000 14.56 101 17.7

K 05 | owst-oied | 1is T1647 | 2058 | 2258 | 2580 | _4g09, 0291 T969 208 965 ToZ 797 72T 582 | 2.85 | 8000 | 14.71 64T 77

ot 01/84-08/87 1173 =1660 =2665 =2407 =7556 -4346, 02/91 T790 217 a.44 104 497 732 49T 2.32 1560 7.36 154 16.2

107 07/81-07/84 1175 -1608 =2058 =2473 -2585 ~4556, 12/90 1971 204 9.66 103 470 2.30 527 2.58 1510 7.40 149 14.5
108 02/82-12/84 5 —1664 -2053 2420 -2596 -4440, 01/91 TaZd 212 8.70 112 513 2.42 543 2.58 1700 8.02 144 7.5
109 03/84-11/85 1270 ~1606 -2057 -2469 2583 —4644, 12/90 2061 204 10.10 9 386 1.89 526 2.58 1000 4.90 820 9.3
110 02/82-03/85 1172 ~1683 2072 =2430 =2567 4568, 03/91 2001 200 10.01 111 520 2.60 495 2.48 400 2.00 206 6.7
111 | 01/82-04/88 | 106 -1980 | -2180 | -2534 | -2622 | -4596,01/91 1974 196 10.07 110 520 2.65 442 | 2.26 | 500 1.53 loo 6.9
192 | 09/83-01/87 | 114 | -1650 | -2050 | -2437 | -2562 | -4532,02/91 1970 203 9.70 108 o13 253 | 512 [2.52] 1800 | 8.87 157 7.9
H3 07/82-06/85 varya =1926 =2313 =272 =2827 —4692, 12/90 tat5 16 8.63 114 518 2.40 714 3.31 500 2.31 106 6.2
114 | 09/82-09/85 | 11.3 | -1668 | -2073 | -2380 | -2520 | -4549,12/%0 2029 200 W T 113 ~18 2.59 447 [ 2.24] 1000 | 5.6 213 6.1
e T O RAOSBT T T SIS T S3073 T S3436 | S2840 | 4634, 0291 [ 2094 | 201 .42 | 107 778 7.3 267 | 2.32 | 900 4.8 636 7.7
116 07/82-09/85 5 =1773 =2088 =2520 2640 4718, 12/90~ | 2078 T99 10.44 1% 542 2.12 552 2.77 1100 5.53 180 8.9

117 06/85-09/88 1277 =159 =205T —2412 =2560 -4609, 06/90 2049 21T 9.7T 108 42T 2.00 s09 2.41 2100 9.95 241 13.7




FIGURE 12, GENERALIZED CAVERN CONFIGURATIONS, WEST HACKBERRY SPR SITE
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"Cavern volune," in mllions of barrels, is usually about 100 |arger
than the volunme of stored material, allowing for brine in the cavern
bot t om

"Top of caprock and salt," respectively, are the uppernost surfaces of
those units.

"Casing seat," and "cavern top (or bottonm) is self-explanatory
"Cavern Height (H" is the distance fromcavern top to bottom

"Diameter (D" is the constructed diameter, which is an idealized
(average) cylfnder diameter that would correspond to the final cavern
volume with the given height.

*HD' is the ratio-of the cavern height to the constructed dianeter,
providing a neasure of the cavern shape

"Pillar thickness (P)" is the thickness of the pillar of salt between
a cavern and its nearest neighbor.

"PID" is the ratio of the pillar thickness and the constructed
di ameter, providing a relative measure of mechanical integrity.

"Roof thickness (B)" is the distance between the top of the cavern and
the top of salt.

"B/ID' is the ratio of the roof thickness to the constructed di aneter,
providing a measure of mechanical integrity.

"Distance to & edge (E)" is the estimated distance between the
cavern and the outside edge of done salt.

"E/D' is the ratio of the distance to the edge of dome to the
constructed diameter, providing a neasure of mechanical integrity.

"Distance to property line" is the closest distance between the cavern
edge and the SPR property line

"BHF El evation" is the bradenhead flange elevation in 1988, rounded to
0.1 ft.

The val ues shown in Table 2 reflect the very conservative design
approach used throughout the SPR system especially for Caverns WH 1010
117.  The preexisting caverns (WH 6-11) do not follow those same
gui del i nes, of course, but there have been no stability or safety issues
with them

Caver n_ShabDes

Figure 12 shows current cavern shapes by best estimtes. Caverns WH
6111 are quite well mapped, having been sonar surveyed when filled only
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with brine. However, data used to conpile cavern shapes for WH 101-117
were derived fromsonar records obtained during cavern devel opnent, and

fromoil fill and interface records obtained during leach and fil
operations. Because sonar recordings could not be obtained through oil
the oil fill vs volume data result in axisymetric cavern shapes on the

drawi ngs, whereas in fact they are not. Nonetheless, the data and sonar
records obtained during cavern devel opnent show very synmetrical cavern
shapes for the new caverns (WH 101~117), suggesting there is a genera
absence of significant mneralogical or structural effects that have
resulted in preferentially oriented caverns. Cavern WH 111 is a notable
exception, with pronounced assynetry in the top 200 ft.

Cavern WH 6 is sonewhat saucer-shaped, with a diameter of nearly 1200
ft and a height of about 140 ft. The aspect ratio of 0.21 (usin% t he
constructed diameter) is the lowest in the SPR systemand there has been
concern over possible collapse of the cavern roof. However, the twelve-
plus year history of SPR operations conbined with the former 32-year
history of Qin's brine feedstock extraction attests to its long-term
stability. The Septenber 1978 blowout and fire at this cavern was
unrelated to the | ow aspect ratio [Ref. 91.

Cavern WH 9 has two | obes separated by a -60 ft neck at about 3370 ft
depth. The salt |edges here are a potential source for salt falls which
could damage hanging strings but this has not occurred

Caverns WH 101- 117 are for the nost part unremarkable, and
significant deviations from design shapes have not occurred. Caverns W
101, 102, and 103 have slightly wider tops than an ideal tapered cylinder
and Cavern WH 111 has a small |edge, or shoul ders, near the top. The
smal | dianeter above the shoul ders was deliberately caused by filling wth
oil during the last leaching stage to prevent further growth. These mi nor
departures have no bearing on cavern operation and present no safety or
integrity concerns. Cavern WH 113 was constructed with the |ast cemented
casing set 270 ft deeper than the other Phase Il wells. This resulted in
a slightly deeper cavern top and the cavern height was reduced somewhat,
so that the nominal top and bottomare at 2800 and 4700 ft, respectively
[Ref. I0].

Cavern 112 originally was to have been constructed just west of Cavern
113 but exploration revealed a re-entrant and fault structure in the salt
face along the north side of the dome, resulting in insufficient distance
to the edge of salt and requiring that the cavern be re-located south of
Cavern 11 (Figure 13).

Addi ti onal Cavern Snace

In the event it woul d becone necessary to abandon one or nore of the
exi sting caverns, or to transfer oil for some reason, there is probably
room for another cavern just outside the DOE property northeast of Cavern
VWH 11 and sout heast of abandoned Ain Caverns 3-4 (coal esced). To verify
that sufficient pillar space exists at this location, the fornmer Ain
caverns would need to be opened and sonar surveyed. Space for two other
Faverns al so exists imediately south of Cavern WH 106, and sout hwest of
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Caverns WH 108 and 117, but neither of these |ocations are presently on
DCE property.

Simlarly, off of DOE property, just west of Caverns 104, 102, and 107
(Fig. 13), there are possible |ocations where storage caverns coul d be
constructed, with cavern roofs at -2500 ft or deeper. These depths have
already led to greater creep/subsidence rates at West Hackberry, and thLs
fact conmbined with the already low elevation would have to be reconcil ed.

Wth the existing cavern volune total exceeding 275 million barrels in
36 existing and five abandoned caverns, the donme is approaching the
reasonabl e upper limt for storage. Al of the above considerations would
require study prior to serious thought of expansion.

pew din Caverns 12, 13, 14

The Ain Chemcals Goup conpleted three brine wells in 1977 to
provide feedstock for its chlor-alkali operations at Lake Charles. SPR
Cavern 116 is the closest adjacent cavern to this group, 750 ft northeast

of din #12 (Figs. 5 13). Figure 14 shows the pillar thickness between
the two caverns to be nore than 500 ft.

Al three din wells were identical in design, but mnor variations in
tubing and cavern depths occur. The three wells produce brine which
consunes salt at a rate of about one mllion barrels (volunme) annually.
Total cavern volume was 12.72 MMB (fromsonar) in Cctober 1989 and 1991
year-end estimtes are 15.5 MB

1989 sonar records show the caverns as elongated cylinders
approxi mating baseball bats in shape, with the [arge dinmension at the
bottom The highly symetrical shapes are somewhat questionabl e because
the sonar survey was perfornmed through two hanging strings. At that tine
the total volume was 12.7 mllion barrels, with maxi num dianeters of 188
178, and 173 ft for Caverns 12, 13, and 14, respectively. Al three wells
had operated in the bottominjection - top recovery node, which produces
the observed-shape caverns. A Decenber 1989 QAin letter to the Louisiana :
Ofice of Conservation, Injection and Mning Division, indicated that its
1989 sonar |ogging showed the inter-cavern distance between two caverns
was 205 ft. So as to not exceed the 200 ft separation specified in
Statewi de Order #29-M din requested a change in its |leach extraction
procedure for two of its wells, wth the apparent intent of altering the
shapes to nore regular cylindrical forns.

Because the wells are spaced 390 ft apart, and because the maxi num
dianeters are already being approached in two of the three caverns, there
isalimt to how much nore extraction of brine is possible, perhaps as
much as twice the current total, or roughly twelve years at current rates.
A in managenent personnel indicated they had no i mediate plans for
expansion to other |ocations.
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Oxy USA Caverns |-11

Oxy USA, Inc. operates 11 storage caverns containing a variety of LPG
products ( Figs. 5 15, Table 3). Total storage volune in nid-1991 was
slightly nmore than 16 million barrels, with individual caverns ranging
from0.86 to 2.77 MB. Useable storage volume is approxi mnately 14 MB
Cavern 12 has been pernitted, and once constructed will produce brine for
several years prior to product storage; its location is north of and
centered between caverns 1 and 3.

TABLE 3 -- OXY uUsA cAavERN DATA: WEST HACKBERRY, LA

Cavern Vol une, Product Casi ng Tot al D aneter, Di aneter, Last
MvB Seat Dept h Maxi mum Construct ed Sonar
ox- 1 1.61 Raw - 2252 - 2855 249 138 17 May 91
ox- 2 0.98 Gtco nC4 -2254 -2891 244 105 19 Feb 90
ox- 3 0.86 Gtco nC4 -2287 -2873 261 102 14 De 88
ox- 4 1.11 Citco iG4/BB -2343 -3030 258 108 27 mar 90
ox- 5 2. 77 Pr opane - 2366 -3361 248 148 31 Mar 89
Xx- 6 1.66 Et hane -2352 -3101 181 126 16 Apr a8
ox- 7 0.89 Propyl ene -2328 -3175 115 87 08 Mar 90
ox- 8 1.53 fg Butane - 2347 - 3106 176 120 30 Aug 89
ox- 9 2.00 But ane - 2345 -3091 273 139 09 Apr 90
ox-10 1.35 fg Butane - 2561 -3583 144 97 03 Aug 90
ox- 11 1.40 Pr opane - 2566 -3383 145 110 15 Apr 88

Cavern shapes as revealed on sonar records are all very symretrica
(Fig. 15), attesting to the uniformty and purity of salt, and the general-
lack of non-halite constituents that |ead to assymetry. Oxy Cavern 5 is
closest to SPR Cavern WH 112; the web thickness between themis 700 ft at
the closest approach at -3150 ft. Using constructed dianeter values
(average cylinders), the average pillar thickness increases to 780 ft.

Subsi dence over the Oxy cavern field has been nonitored by way of
repetitive leveling on sone six occasions in the last seven years. The
data, while not subjected to detailed scrutiny, show very little, if any,
lowering of surface elevations. In view of the substantially |ess storage
volume (6.6%of the SPR total) spread out over 140 acres, combined with
substantially more shal | ow caverns (average depth - 3132 ft), a negligible
amount of subsidence is not unreasonable to expect. The effect of cavern
depth on subsidence is explained further in Appendix C
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Subsi dence

Subsi dence potential was discussed in the 1980 site characterization
report and acknow edged to be a concern. The principal causes of
subsi dence were identified as fluid wthdrawal of water, gas, and oil
cavern col | apse, and cavern creep closure.

Ten years of experience and nunerous observations can now put these
and other subsidence sources into accurate perspective, and provide
nunerical bounds on each. The principal sources and average val ues, a
order of immortance, are:

Subsi dence Cat egory ft/vr
a) cavern creep closure -0.20
b) fluid wthdrawal, Black Lake) -0.08 (?)
c) regional subsidence 0.010
d) sea level rise 0. 0075
e) other subsidence/collapse m nor
f) cavern collapse none at W H

Under st andi ng these sources nmakes it possible to estimte future
elevation trends, and to enable remedial neasures to be planned, where

appropriate. Examinatior - the values shows that subsidence induced by
cavern creep closure O :s the overall numerical budget, alnost to
the point of negating th -r sources. However, each is discussed
briefly, in reverse orde. nportance, to show how it affects the SPR
site:

Cavern collanse (f) has occurred over numerous sol ution-mned caverns
in Texas and Louisiana, generally resulting from uncontrolled brining and
erosion into the overlying caprock and/or overburden | Refs. 11, 121 i
H ndsight in each case usually reveals the circunmstances that led to
failure

Even though today's solution mning technology can avoid the problems
that previously plagued the industry, Wst Hackberry has some ol der
caverns adjacent wthe SPR property about which little is known, and sone
potential for instability may exist. Abandoned Ain Caverns 1, 2, 3, 4,
and 5 have not been sonar-logged and the internal dinensions are
uncertain. 1989 volune estinmates (Ref. 131 based on din production
statistics showed the follow ng val ues:

AQin#1&2 - 147.7" dia x 600" ht; 1.83 MMB vol. (each)

Ain# 3 &4 -179.8 dia x 600" ht; 2.71 MM vol. (each)
Qin#5- 80.2° dia x 600" ht; 0.54 MVB vol
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These dinensions are the cylindrical forns of known cavern heights
(constructed diameters), using the assumed maxi num vol umes based on
conservative estimtes of production obtained from Ain Corporation [Ref
14).  The maximum cavern dianmeters are assumed to be wider; it is known, for
exanpl e, that Caverns 1,2 and 3,4 are coal esced [Ref. 11.

One conclusion based on the above estimates was that the map (Fig. 6.12)
in the 1980 report probably showed the cavern extents to be somewhat |arger
in maxi num di aneter than actually exists. No doubt the early estinmates were
conservative intentionally and probably based on history, as revealed in the
ultrawide former Ain Caverns 6 and 9. Although Ain Caverns 1-5 have
apparently been stable for some 40 yrs, uncertainty renmains

Qt her subsi dence/collanse (e) resulting frommning of salt or sul phur
has occurred at numerous other domes in Texas and Louisiana, but mning is
absent at \West Hackberry. However, cracking of the SPR brine pond liner in
1987-1988 may be related to local subsidence caused by cation exchange
reactions in the underlying clayey soils, upon interaction with the brine in
ground water [Ref. 151. This latter aspect is discussed further under
Environnental Consi derati ons.

Sea Level Rise (d) is occuring in the Qulf of Mexico at a rate nearly
double the global rate. The nmean rise in the Qulf is 0.23 cmyr (0.0075
ft/yr), an alnost insignificant amount in conparison with that caused by
subsidence. Rise in sea level, although not strictly subsidence, has the
sane effect as negative notion landward, i.e., subsidence. Increased globa
warmi ng conceivably could accelerate the rate of future sea level rise

Reei onal Subsi dence (c¢) is widespread in coastal Louisiana, owing to
nunerous factors which are difficult to quantify individually. Subsidence
is often considered together with sea |evel rise [(d) above] and terned
relative sea level rise [Ref. 161. The conmbined termis useful because they
wor k together in influencing the ongoing |oss of coastal wetlands in
Loui siana. Because the West Hackberry site is in this zone, the predictive
maps for the year 2033 are instructive (Appendix B). The worst case shows
that only the higher part of West Hackberry island will be above open water
at that time. These maps were devel oped without regard to |ocalized
subsi dence caused by solution mining and oil extraction, naking their
predictive value all the nore significant. The current regional subsidence
rate for the Hackberry station, based on USACE tide gage readings and
corrected for Qlf of Mxico sea level rise is 0.32 cmyr. Relative sea
level rise at the sane station for the period 1942-83 is 0.55 cm
(O Ow8ft)/yr.

Fluid withdrawal (b) is of interest at Wst Hackberry locally, because
of the extensive production from the Black Lake oilfield. The subsidence
resulting fromthose wells is of particular interest because of the known
enl argenment of Black Lake in the past 35 yrs, and the encroachnent of the
| ake on the already lowlying land on the north perineter of the SPR site
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Esti mates of subsidence in the 1980 report [Ref. 1; p. 4-161
attributable to this source ranged from3 to 5 ft from 1933-1978, a rate
of 0.8 to 1.33 in/yr (-0.08 ft/yr). These estimates, if correct, nmay
reflect additional sources other than hydrocarbon and water punping from
the oilfield because they are nuch higher than usually encountered in
petrol eum extraction. Aternatively, they may be in error; very little
data is available upon which to make these estimtes, and the oi
conpanies claimto have none. The subsidence associated with fluid
wi t hdrawal under Bl ack Lake may have little effect on subsidence on the
DOE ﬁroPeLty, except perhaps locally along the northern portion adjacent
to the |ake.

(a) begins inmediately upon the |eaching of a
cavern and will consume sone 10% ofthe cavern vol une over the projected
30 yr design life. Although greatest at the cavern bottom where higher
pressure and tenperature contribute to more rapid creep, the closure
occurs on all sides, including the cavern top and thus the overlying
caprock and unconsolidated sedi ments exposed at the surface. A conceptua
model of this process is shown in Appendix C, Fig. 2

Thi s process was understood in general ternms at the outset of SPR but
accurate predictions of what would occur were not possible. Repetitive
surveys of sonme 100 nonunents have been made at West Hackberry over a
period of seven years and the follow ng conclusions are now possible:

1) West Hackberry has the |argest average subsidence of any SPR site
(0.205 ft/yr) [Ref. 173. The 1991 survey results show a |lower rate, but
survey errors are suspected in view of longer-term estasblished trends

2) Cavern #115 has the largest value of single-point subsidence (0.27
ft/yr) of any in the SPR system|[Ref. 171.

3) The greater rate at West Hackberry is attributable apparently to a
conmbi nation of the greater creep rates observed in |aboratory sanples, and
t he somewhat deeper cavern depths (-400-500 ft deeper than Bryan Mund and
Bayou Choctaw, for exanple) [Ref. 18 and Appendix C]. :

4) Projections of current subsidence trends show that the northern
perimeter of the DCE property adjacent to Black Lake will be subject to
perennial inundation within a very few years. The present mean-tide
el evation of Black Lake is very nearly two feet, according to
prof essional surveyor Gary Todd, Sulphur, LA The estimated future
el evations of the nost vulnerable SPR |ocations are listed in Table 4 and
Appendix C, Table 2 and are based on |inear extrapolations of Septenber
1988 and May 1991 survey val ues, respectively. Table 4 below is based on
32 nonths additional tine averaging; consequently the data likely has
sonmewhat greater validity.

Uncertainties involving these estimates remain; creep closure is nost

rapid i mediately during and after cavern construction and this possibly
could be nmanifested in reduced surface subsidence after sonme tine
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TABLE 4: PROJECTED ELEVATIONS FOR SELECTED WEST HACKBERRY STATIONS

(in feet, relative to mean sea level)

Subsidence PROJECTED ELEVATIONS, MIDYEAR
Elevation Elevation Rate (1995 | 2000 2005 2010 2015 |

STATION (01183) (05191) (ftfmo)

SMS 3 3.51 2.787 0.00723 2.43 1.99 1.55 1.12 0.69

SMS 4 8.03 6.71 (7190) 0.01477 5.82 4.94 4.05 3.16 2.28

SMS 5 6.65 5.187 0.01463 4.46 3.58 2.70 1.82 0.94
wWHG6C* 6.28 4.825 0.01455 4.10 3.22 2.35 1.48 0.60
WHS8A* 14.04 13.15 (9188) 0.01308 12.09 11.30 10.51 9.73 8.95
WH 108 * 8.02 7.259 0.00761 6.88 6.42 5.97 5.51 5.05
WH 110 * 7.98 6.239 0.01741 5.37 4.32 3.28 2.23 1.19
WHIIL * 8.08 6.390 0.01690 5.54 4.53 3.52 2.50 1.49
WH 113 * 7.45 5.659 0.01791 4.76 3.69 2.61 1.54 0.47
WH114" 7.37 5.539 0.01831 4.62 3.52 2.43 1.33 0.23
WH 115 * 9.15 7.130 0.0202 6.12 491 3.67 2.48 1.27
WH 116 * 8.01 (8183) 6.442 0.01568 5.66 4.72 3.78 2.84 1.89

* Wellhead elevations are measured at some height above the ground surface;

the ground surface adjacent to well pads is_lower. Elevations in bold
type are below mean tide level of Black Lake, - 2.0 ft.



However, this has not yet been observed in seven years of neasurenent;
rate trends are conpletely linear. Also, further expansion of Black Lake
seems assured, as fairly intensive hydrocarbon production continues, with
concom tant associated subsidence.

In addition to vertical subsidence over caverns, sone degree of
hori zontal movenent is probably occurring, because both theory and
observation el sewhere show that it occurs. Measurenments of subsidence
over sul phur mning have shown horizontal notion to be nearly a third of
the vertical conponent [Ref. 191. Until such tine that neasurenents are
made, the amount of horizontal drift occurring at West Hackberry nust
remai n specul ative

Hurricane StormSurge Levels

The 1981 site characterization report indicated 100-yr stormsurge
flood I evel s that range between 4.5 and 6.5 ft above mean sea |evel, but
al so acknow edged that Corps of Engineers estimates for Sabine Lake (30 m
west) would project a 10.5 ft surge height as far inland as West
Hackberry.

The 1985 revisions to Federal Emergency Managenent Agency (FEMA)
fl ood insurance zones are reproduced in Figure 5 and reveal 100 yr flood
el evations that approach ten feet [Ref. 201. The FEMA maps incorporate
probabilities of hurricane frequency and severity, and these flood
el evations woul d only develop as a result of hurricane surges. The
el evations given in the Cameron Parish Flood Insurance Study [Ref. 211 for
lo- and loo-year floods are 4.2 and 8.7 ft, respectively; values for the
500-yr flood were not conputed but could approach 12 ft, or even nore.
The new val ues are consistent with the Corps of Engineers estinates cited
earlier. The newer estimtes indicate that significant portions of the
SPR site would be inundated, and also that there is little difference for
the SOO-yr flood. These probability values are subject to change
especially if global warmng increases, with concomtant increase in
hurricane severity [Ref. 221. The hurricane surge predictions become nore
significant when considered in conjunction wth ongoing cavern-induced
subsi dence, and with projected regional subsidence.

Seismcity

The 1980 site characterization report discussed the extremely |ow
seismcity of the Qulf Coast region and indicated that small earthquakes
mght occur during the life of the Wst Hackberry facility. Such
earthquakes probably woul d not result in any significant danage, either
from shaking or ground rupture.

An earthquake of Richter Magnitude 3.8 occurred south of Lake Charles
on Ot 16, 1983, with the epicenter 17 m north of the SPR facility. Even
though the felt intensity reached Mdified Mercalli V (MMV) near the
epi center, the earthquake was nost probably not even felt at the site, as
the isoseismal map shows it to be in the MM I zone [Fig. 16; Ref. 23l
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Even near the epicenter, the maximum effects were a few instances of books
falling from shelves and several unsubstantiated reports of cracked
plaster, but generally only rattling of doors and dishes was noted.

The 1983 Lake Charles earthquake is instructive in explaining severa
aspects of Qulf Coast seismcity, and also in validating the seismc
environnent discussed in the 1980 site characterization report. Most
geophysi ci sts now agree that earthquakes of MM VI (slightly larger than
the Lake Charles earthquake) can occur anvwhere along the Qulf Coast.

Most |ikely these events originate in deep basenent faults, or in
conbination with nore shallow growth faults. Stevenson and Agnew [ Ref.
23) proposed such a mechanismfor the Lake Charles earthquake, with a
focal depth of 14.04 km possibly on a down-dip extension of the Lake
Arthur growth fault system  Thus, deep normal faulting within the
crystal line basement may control the configuration of many shall ower Qulf
Coast growth fault systens.

The largest historical earthquake (MM VI) occurred near
Donal dsonville, LA on Cctober 19, 1930 and effectively approximtes the
design basis earthquake for the nuclear power industry in southeast
Loui si ana [Ref.24]. The Donal dsonville event produced an esti nated
maxi num horizontal acceleration at the surface of -0.07 g. Such
accel eration would result largely from higher frequency body-wave notion
and likely would be of short (less than two seconds) duration. This does
not present design difficulty even for conventional structures, such as
SPR surface facilities, and would be of even less concern at subsurface
cavern depths in solid salt within the done because mne openings
experience no damage at localities subject to surface accelerations up to
about MM VIII [Ref. 251, which is greater than woul d be expected along the
Qil f Coast. However, we? sing situated in fault zones could be
probl ematic during fault Livation associated with earth tenblors.

The nuclear industry LX further considered a New Madrid event (18110
12; RM 8+); peak acceleration at the range of West Hackberry woul d be even
less than a repeat Donal dsonville event at the epicenter, and nost
probably not be felt. A so, several earthquakes have occurred with
epi centers offshore in the Gulf with Richter magnitudes between 4.5 and
5.0 The largest not associated with a known geologic structure was RM
4.8. The conservative peak acceleration value of 0.1 g used by the
nucl ear power industry in south Louisiana is less than what is required in
the design of hurricane-force wind |oads, and the 0.1 g value represents
an earthquake with more than a 90% probability of nonexceedance in 250 yrs
[Fig. 171.

Environnental Consi derati ons

A nunber of brine |eaks and spills have occurred over the years, sone
as early as 1979, nostly in the vicinity of the brine ponds and brine
punps and there has been continuing concern that such | eakage coul d enter
fresh-water aquifers. In 1981, the nonitoring well PB-1 was placed in
operation east of the brine pond, being conpleted in a sandy zone between
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40 and 50 ft depth. Sanples were collected periodically and showed
salinity increasing froman initial 0.15 %to a range of 607% in 1988.
Qther conditions, such as cracking of the cenent weight coat on the dike
between the brine ponds, separation of the hypalon |iner under the cenent
and the location of Ain Cavern 4 (abandoned) along the east side of the
brine pond caused added concern, as well as uncertainty about the cause of
the increasing salinity.

Monitoring / remediation wells were installed around the brine pond
systemin 1988 (8 wells) and 1989 (2 wells). Punps were installed in 3
welI's, and continuous punping was begun

A major study was initiated in late 1989 with Geraghty and M| ler
Environmental Services and continued through 1990 [Ref. 151. They were
tasked to determne the source and extent of the salinity in the
groundwater, define the range of potential inpacts, and recommend possible
remedi al neasures. The study established what had been suspected -- that
mul tiple sources were both possible and likely -- and that nore detail ed
investigation would be required. Additional nonitoring wells were
installed, and nunmerous analyses nmade. Conclusions are tentative, but in
general they discount prior Ain Cavern 4 as a major contributory source
and also the nonitoring well PB-1 (even though damage and m nor | eaking
led to its plugging and abandonnent in June, 1989). Subsidence east of
the brine pond was inplicated as a possible cause, but little hard
evidence exists to support this, other than a sloping piezometric surface

The study clearly showed two zones of higher transmssivity -- a
shal |l ow zone sone 20 ft thick near the surface, and a deeper zone
separated by a confining layer of clay some 13 ft thick. There is
apparent communi cation between the zones but the mechanisns are unclear.
The anal yses show substantial |y higher values of total dissolved solids in
the upper aquifer, centered under and in the imediate vicinity of the
brine ponds, and confirning that the brine ponds, brine punps, and
associated piping are the likely source.

In 1991 plans were under consideration to repair or replace the brine
ponds, and to renediate the localized area of brine concentration by the
punping of 12 wells and the installation of additional wells.

SUMVARY OF SI GNI FI CANT FEATURES AFFECTI NG SPR

No new di scoveries have been made since the time of the original site
characterization (1980) that would affect the basic integrity of existing
underground storage at West Hackberry for either SPR or its neighbors,
Ain Chemcals or Oxy USA, Inc. However, nunerous refinenents in the
know edge base have been nade, in addition to some new well data and
subsi dence neasurenments. The revised information nay inpact SPRin the
fol l owing ways:
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(1) The substantially revised salt contours provide considerably nore
confidence with regard to dome configuration and structure, especially
regarding dome edge to cavern thickness on the periphery.

(2) The location of perineter faults, conbined with gravity and
seismc data, strongly suggest major zones (i.e., spines) of differentia
novenent, separated by shear zones of anhydrite concentration. Wile
there is no indication that such zones in the salt mass either are in
contact with, or have affected existing caverns, their probable presence
requires awareness. Very likely, such zones offset the nore brittle
caprock, and could affect surface facilities and/or well casings, as has
occurred elsewhere. In addition, it is possible that caprock faulting
causes localized pockets of subsidence. The delineation and
characterization of these zones could be acconplished in future
geophysi cal investigations and woul d probably be hel pful

(3) Subsidence at West Hackberry is occurring at a nore rapid rate
than any of the other SPR sites, exceeding an average of two inches per
year over a network of some 100 stations. The maximumrate centers near
Cavern WH 115 and exceeds three inches per year; this may be fault
related, as indicated in conclusion (2) above. The already |ow elevation
areas on the north side of the DOE property will nost probably require
mtigative action within 5-10 yrs to prevent perennial flooding.

(4) The environnental concerns associated with the intrusion of brine
into shallow aquifers beneath the brine ponds does not appear to be
directly related to geological conditions, although dispersion of brine in
the aquifers follows the natural perneability of the subsurface units
The effect of the abandoned Qin Caverns 3/4 (coal esced) beneath the brine
ponds is unknown, and could be contributing to a localized subsidence
depression. Cavern 4 wel | head beneath the east dike might well be re-
entered and the cavern sonared, if the brine ponds are repaired and out of
service anyway. All of the early Ain caverns (#-5) were plugged and
abandoned prior to the advent of sonar survey technol ogy; thus, their true
di nensi ons are unknown.

(5) Injection wells for brine disposal are a reasonable backup, and
possibly even a principal alternative, to disposal via brineline to the
Qil f of Mexico. However, it is essential that appropriate horizons are
selected, the wells are properly designed and constructed, and that
continuing surveillance and maintenance practices are obsenred
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APPENDI XA
West Hackberry Regional Geologic History

| ntroduction

This overview is intended for those readers desiring genera
information, and for those with limted background in the geosciences. It
is not detailed and is uneven in presentation by design. The reader who
desires more conplete information should refer to the origina
characterization report [Ref. 1, main report], or to nore recent genera
references on Qulf Coast geology and tectonics [Ref. A-l].

ozoic Era (570-245

Pangaea ("all lands"), the single protocontinent that drifted together
at the end of the Paleozoic, resulted in a huge mountain mass, probably
somewhat |ike the Hmalayas today. It lay to the north (relative to
t odw! including the center of north America, and is thought to have been
glaciated periodically, tying up much ocean water in icefields. No rocks
of Paleozoic age are expected to underlie the site

Mesozoic Era (245-66 nv)

The weight of this crustal mass nmelted the underlying mantle so that
it broke apart, formng volcanic rifts and creating new ocean floor,
simlar to the African rift valleys and Red Sea today. The CGulf Coast
CGeosyncline was one of a string of rift basins created by the opening of
the Atlantic in the breakup of Pangaea. This drifting apart of the
present continents occurs at a nore or |ess steady rate, as it has since
the end of the Pal eozoic.

Triassic Period: The initial deposits underlying the salt are oceanic
basalts and red beds of Triassic age, called Eagle MIIs in the Gulf Coast
(Newark Series where better exposed on the East Coast). These deposits
may extend out onto the new oceanic crust underlying the site.

Jurassic Period: The overlying redbeds of early Jurassic age are called
Norphlet in the Qulf Coast. The original depositional basin of the
Jurassic Louann salt and evaporites was one of the string of rift basins,
simlar to some evaporite basins in East Africa today.

The anhydrite overlying the Louann salt is called Buckner and the
overlying dolomte is known as Smackover, the Gulf Coast correlative of
the Arab |imestone pay of the Persian Qulf, the nost oil-productive
horizon in the world. The remainder of the overlying Jurassic consists of
a thick sequence of Cotton Valley |inmestone and bitum nous shale. Al though
the salt in the West Hackberry done is of Jurassic age, it may have been
deposited to the north so that only oceanic basalts of this age or even
Younger were ever deposited here.

Al
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The salt fromwhich the West Hackberry salt ridge has forned is
probably not in its original depositional position. It appears to have
m grated southward and upward as a sill through the sediments described
above or outside, seaward of the thick sedinent wedge at a depth of two or
three to six or seven mles. This sill is believed to be exposed at the
toe of the sedinent pile on the floor of the Sigshee Deep (a trough in the
Ql f of Mexico) today.

Continental rafting and seafloor spreading have revol utionized the
concept of the origin of basins like the Qulf Coast Geosyncline; this
concept of deep horizontal salt migration and intrusion is one of the nost
innovative and inportant ideas today affecting hydrocarbon exploration

Cretaceous Period: The Cretaceous sequence of Hosston elastics and |ines,
Sligo oolites, Pine Island shale, James linme reef and Ferry Lake
anhydrite, Gen Rose lines is overlain unconformably by the upper chal k
section: Austin, Qzan or Annona, and Nacatoch or Arkadel phia wth

i ntervening Blossom or Tokio sands and thick shales. The shall ow water
reef carbonates are equivalent to basinal shales to the south which
probably underlie \West Hackberry.

The chal k probably underlies the site in normal position, and may
underlie the salt sill and thereby contain producibile oil and gas --
whi ch DOE has acquired along with the salt.

nozoi c_Fr -2 v

Tertiarv Period: The downdip surface section of the GQulf Coast proper in
Loui siana and Texas is a thick pile of Tertiary sands and shal es,
correlative with the carbonates of Florida and the Bahamas. Al of these
deposits face the active east-west tectonic zone running fromthe Mexican
vol canoes through the greater Antilles from Cuba to the Virgin Islands

Pal eocene Enoch: The Tertiary sequence of the Qulf Coast starts with
M dway shale, a nornmal narine deposit which preceeds the Laram de orogeny,
the plate collision which created the Rocky Muuntains and flooded the Qulf
with coarse elastic debris. Fromour reconstruction of the regiona
geol ogy, the ocean floor here was certainly solidified in place here by
the end of the Cretaceous, so that it seems reasonably certain that a
full, normal Tertiary section underlies the site.

Eocene Epoch: These are the ol dest sediments deposited in the Qulf
Coast delta sequence. As sedinents accunulate on the north shore of the
Ql f of Mexico, the ol der sedinments are depressed and conpact ed
increasing their dip toward the Qulf. Utimtely, a thick sedimentary
section accunul ates on the edge of the continent, often referred to as a
geosyncline. This sinple regional picture is conplicated by the
instability of the underlying salt which forns donmes such as West (and
East) Hackberry.

W cox deltaic deposits as much as two mles thick, including coa
measures whi ch have been penetrated in adjoining Jefferson County, Texas,
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represent the Larami de deposits. These are overlain by downdip Yegua
shales which in turn are overlain by Jackson shale. None of these
deposits have been penetrated yet at West Hackberry.

Qieocene Enoch: The | owernmost A igocene Vicksburg shale is found in
one well on the southwest flank of the done. Hackberry donme is where
geopressured shale was first encountered. A thick section of Hackberry
deep-wat er shale overlies this Vicksburg occurrence and is unique to this
done, without any of the normal |ower Oigocene sands found to the north
In all known cases, some 300 penetrations on the dome, this shale is at
full lithostatic pressure. Table 1, the stratigraphic correlation chart
lists principal stratigraphic horizons inportant to the geol ogica
interpretation.

Hackberry Enbaynent: The West and East Hackberry Salt Dones form an
east-west salt ridge in the mddle of the Hackberry Enbaynment, the nost
promnent Frio feature-of the Qulf Coast. It is a large depression filled
in digocene mddle Frio time with deep-water shale. Big H Il done, west
of Port Arthur, Texas, and containing a previously-characterized SPR site
lies on the west edge of the enbaynent.

Three of the dones chosen for the Strategic Petrol eum Reserve are in
and around the Hackberry Enbayment: Big H |l on the salt ridge formng the
west edge; Sul phur Mnes on an east-west ridge with Edgerly Done near the
north edge; and West Hackberry which is the type section of the Hackberry
shale and lies in the mddle of the embayment. Qher simlar enbaynents
include the Nodosaria of older Frio age to the east, which includes the
Bayou Choctaw done, and the Houma of middle Mocene age, which is bounded
by Chacahoul a done.

The Hackberry shale is an organic-rich unit in the Mddle Frio (upper
Aigocene), equivalent in age to Marginulina texana sands found outside
the enbayment. Turbidite sands near the nmouth of the channels along the
edge form isolated stratigraphic traps, sone of the few in the Qulf Coast

Nowhere as far south as this dome has this shale section been fully
penetrated. Deep tests far out on the north flank show no nore than 5 ft
of sand as deep as 17,000 ft. Thus the entire lower and mddle Frio sand
section is mssing here in the mddl e of the Hackberry enbaynent. There
is a slight possibility that, although these sands have not yet been
found, that some deep-water turbidites have penetrated the rim syncline
and been included in the shale sheath.

This Hackberry shale is the shal | owest geopressured shal e known on any
onshore done, where it occurs above 3000 ft in the saddl e betwen Wst and
East Hackberry domes. The pressured Hackberry shale provides a sheath
around the dome, formng a near-perfect seal. The top of this geologic
unit is shown on the Hackberry Shale map (Figure 2, main body of report),
the deepest horizon that can be mapped. The depth at the contact with the
salt face is the shallowest that is protected by the shale sheath.
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Unconformity(s): A well-known angul ar unconformty occurs around the
edges of the Hackberry Enbaynment. At Big Hill, for exanple, it extends
production on the west flank of the dome. At West Hackberry it separates
the geopressured shale from the overlying normal Frio sequence.

Frio Formation: Frio sands are the main producing unit penetrated
near the dome, dipping at an average of 65 degrees near the salt face
sone of the steepest dips found on the flanks of any salt dome. The
deepest sand encountered is the Cibicides hazzardi (Table 1) , the
| ower most of the upper Frio "regressive" sequence, approximately 100 ft
thick. The sediments are thin laninated marine "fingers" deposited at the
outernost or "distal" edge of sand deposition, at or near the edge of the
continental shelf. They can but probably do not include any truly
deepwater turbidite deposits because they contain a normal shal |l ow water
fauna, at least primarily in normal stratigraphic position.

A marine shale and- sand-stringer sequence separates the G bicides
hazzardi sands fromthe main top Frio sands, sonme 200 ft thick

Anahuac:  The | ower Anahuac marine shale separates both Frio pays from
the overlying Marginulina howei sand, found on on the outer edges of the
field. The Anahuac shale overlies the Frio, separating it fromthe
Mocene sand pile. It is normally pressured and forms a seal for al nmost
all of the oil accunulation against the salt.

The nost dramatic angular unconformty on this done lies at the top of
the Anahuac. The Marginulina howei sand and underlying Frio sands were
uplifted and eroded by salt moverment before M ocene deposition. —his
basal M ocene unconfornity is the largest in the geologic history of the
done. This erosion occurred in the interval in which Heterostegina cora
reefs develop to the east, including the atoll surrounding Bayou Choctaw
dome. The alluvial Mocene sands |ie across dipping and eroded O igocene
Marginulina and Frio sands at angles as high as 65 degrees fromthe
horizontal. Here the angular unconformity is underlain by geopressured
shal e sheath, on which the normally-pressured C bicides hazzardi sands lie
in angul ar unconformty

The top of the Anahuac shale is mapped (Figure 1, main body of report)
like the Hackberry (Fig. 2, main body of report), to show the depth of
addi tional inperneable units around the dome. This horizon is al so best
known fromoil wells drilled on the flanks, so that these maps best
reflect the control used in the subsurface study.

M ocene Epoch: The outer edge of the shelf grew southward past West
Hackberry in [ower Mocene time, so that the Anahuac shale is overlain by
a sand pile. This sand pile being dunped off the south edge of the North
Armerican continent at |east since the Mocene has deforned the underlying
Jurassic salt into ridges and domes of which West Hackberry is one of the
largest. Dips in these sands are linmted to 35 degrees, even against the
near-vertical salt face, except possibly at the west end of the done.

The base of the sand pile is pal eontol ogically marked by the di sappearance
of Discorbis "restricted," the last far-offshore deposit in the
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stratigraphic sequence. The rest of the |ower Mocene is represented by
thick alluvial sands. The lower part has marine shale breaks including
Si phoni na davisi, correlated on sonme |ogs

The mddle Mocene is represented by the |ast marine shale breaks,
particularly those containing the Anphistegina B fauna with vol canic ash
from the Mexican orogeny. This is the shallowest paleontol ogic data point
available around the donme. Table 1, the stratigraphic correlation chart,
shows younger zones by their standard pal eontol ogi cal nane, even though
the marker mcrofossil is not found in the non-marine sediment at Vst
Hackberry. These units have been correlated around the dome but have no
other recognized nane.

The upper Mocene alluvial sands are are all stacked point bars
deposited by the Sabine and simlar small rivers separated by silts.
These thick, permeable sands are only partially mneralized close to the
salt face. They do not represent a threat for oil |eakage fromthe
caverns which are not |eached close to the edge of the salt.

Pliocene Eooch: The alluvial section continues through the Pliocene,
with slightly nmore backswanp silt. The basal unit is a thick gravel
corresponding to the Goliad of Texas. The apparent unconformty bel ow
this gravel is eroded deeply into the Mocene close to the dome,
indicating the dome had extensive surface expression during this onshore
al luvial deposition.

mat enar v_Period: Pl ei st ocene Enoch:

The basal pre-glacial unconsolidated Lafayette gravel erodes into the
underlying Pliocene. The overlying sediments were deposited during and
after each of the glaciations of the continent to the north, when sea
|l evel was as much as 450 ft |ower than today, and in the follow ng
interglacial stages as the sea returned to near its present level. Thus
the basal sand of each sedimentary sequence, outwash brought down to the
Qlf, is correlated with the glacial stage and the overlying mud with the
following interglacial. Some or all of the glacial stage is actually
represented by the basal unconformty bel ow each channel sand [Ref. A-21.
These sedinents are occasionally called WIlis in this part of the Qulf
Coast

Nebraskan Stage: The ol dest glacial sequence is Nebraskan, found at
the top of or just above the Lafayette gravel. The overlying Aftonian nud
contains a distinctive volcanic ash nmarker like those of the mddle
M ocene, which has been tied to the volcanic or erogenic theory of
gl aci ati on.

Kansan Stage: The Kansan, where narine, is the Lenticulina sand, at a
depth of some 1350 ft on the flanks of the done. The Peorian, Yarnouth or
Angul ogenerina clay, which represents the long interglacial interval in
the mddle of the Pleistocene, is at a depth of 1100 ft on the flanks of
the done. It contains the uppernost glauconite nmarker in the sedimentary
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section, indicative along with the mcrofauna, of the nost recent open
marine sedinmentation

Il'linoian Stage: Montgomery or Trinosina sands, at sone 900 ft depth
were deposited during the following glaciation. Sanganon clay was
deposited during the following interglacial interval.

Wsconsin Stage: The Prairie outwash sands of which the basal Aton,
at a depth of 200 ft on top of the dome and 400 ft on the flanks, is the
thi ckest and nost massive, having been correlated over al nost every
onshore salt dome. At the surface to the north, they nake up the plain
whi ch runs from Beaunont through Lake Charles to Lafayette.

The sands wereforned at the |ower sea level which occurring when the
continental icecap extended to the Chio and Mssouri Rivers, the main
sedinent sources for the Mssissippi and the Qulf Coast. Mst of themare
thick alluvial point bars with basal gravels, although there is sone beach
sand in the sequence. Mre than 1600 ft of themare found in the canyon
cut through Timbalier Bay just west of the Lafourche Delta. Away fromthe
i sl and (Hackberry) and the structural influence of the done, these sands
dip toward the Gulf at the rate of 20 ft per mle

These unconsol i dated sediments are found across the top of the dore,
uplifted but not fully breached by the salt intrusion and its overlying
resi dual caprock. The active faults inherent in the caprock extend upward
as the salt continues to intrude, deformng these overlying sedinents, al
the way to the surface

Recent Stage: O f Hackberry Island, The Pleistocene sands are
overlain by Beaumont marine clay and nmud deposited in the |ast 5000 yrs,
during which time sea |evel rose some 450 ft as the earth's continenta
i cecaps nelted, leaving only the ice cover in Geenland and Antarctica
This clay was deposited in the marsh as a soft, highly-organic black
gunbo. It includes peat and al gal sapropels or greasy |layers forned by
nutrient blooms in the bays and | akes. \ater content in these
unconsol i dated sedinents is still as high as 70% This clay is the seal
for the oil accumulation in the caprock at Spindletop in Beaurmont, which
produced a billion barrels of black oil. Aong wth these Recent clays
peats, and algal sapropels are included mnor river silts and beach sands;
they are still nearly flat, with a dip toward the Qulf of only |-2 feet
per mle.

There are a few thin beach sands fornmed on the chenier ridges |like
that at Canmeron. The white beach sands are very fine-grained and well-
sorted. This beach-ridge conplex is a fan with intervening nuds,
gradual Iy subsiding into the marine clay. The sands can shift
dramatically during hurricanes, when waves break across the beach at
Caneron and travel across Cal casieu Lake to break at Hackberry Island.

On the island, at the West Hackberry site, much of this clay has never
been deposited. The postglacial sedinents are much sandier and thinner
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than off the island -- in Black Lake for exanple, at the north edge of the
Site.

The active shallow faults originating in the caprock or salt shear
zones have only displaced the Recent sediments a few feet. They do not
pose any apparent risk to the storage caverns by thensel ves, but
subsi dence al ong them coul d conceivably damage surface facilities and well
casings, as has occurred at other dones used for storage of LPG products,
et g. » Stratton Ridge, TX [Ref. 6, nmain body of report].
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APPENDI XB
PRQJECTED LOSS OF COASTAL MARSHLANDS

Loui si ana

Coastal Louisiana, especially in the deltaic plain, has undergone
continuing, progressive loss of its coastal wetlands in this century. The
reasons are at once conplex and variable, and generalizations to explain the
| oss often have been erroneous, at least in part. Scientists and engineers
alike generally agree that all of the follow ng processes affect coastal
change [Refs. 1 & 21

a) Sea level rise

b) Subsidence-- some natural and some induced, from several sources,

i ncl udi ng sedi ment conpaction, fluid wthdrawal, and tectonic
downwar pi ng

c) Loss of annual flood nutrients and sedinments froma now heavily
modi fied and regul ated M ssissippi R ver

d) Death of vegetation from several causes

e) Canal / bayou construction

f) Possible increased major storm frequency

g) Muskrat and nutria "eat outs"

h) Increased erosion, influenced by all of the above

The conbi nation of causes has led to an estimated | oss rate that
increased from15 to 45 sq m/yr. The U.S. Arny Corps of Engineers, New
Oleans District, estimates that about 31 sq nmi/yr are currently being | ost
from the conmbined deltaic and Chenier plain, based on careful measurenents
gained fromrepetitive aerial surveys over many years [Ref. 31 The
variation in rates are graphically shown in Fig. B-1, taken from Reference
Pl

Nurerous state and federal agencies have studied the probl em because of
the considerable inpacts on this valuable econonmic and recreational
resource.  Wile some snall variation in the rate and anount of estimated
coastline loss results, none of the scientists disagree that it is

occurring. It is obvious that massive amounts of concrete and fill cannot
stop the process. At best, only local slowing has been effected, and
engi neered structures are often totally ineffective. Nonstructura

t echni ques such as beach nourishnment and vegetative stabilization have been
more successful [Ref. 41

Projections for 2033 show "best" and "worst" case scenarios (Figs. B-2,
B-3), which incorporate several variable assunptions, and the data in Refs.
11, 2, &3l It is clear in |ooking at these maps that Chacahoula, Cote
Bl anche, Weeks Island, and West Hackberry sites will be affected
eventual ly, even though there is uncertainty in the rate and amunt of
wetland loss. These maps are only estimtes, and care should be taken to
not use themin a "literal" sense; their revision is to begin in late 1991.
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Texas

The Texas coast does not experience anywhere near the rate of |oss that
Loui si ana does [Refs. 5 & 61 Surface el evations, sedinent types, and
geol ogic conditions are generally nore favorable with respect to coastal
erosion than in Louisiana, but coastal retreat rates are apparently highest
in Texas just west of Freeport. Measurenents of coastal retreat by the Arny
Corps of Engineers [Ref. 71 near Sargent resulted in rates of 30 ft/yr,
whi ch woul d be about a kilometer per century. Subsi dence rates in this
vicinity are also very low. The Corps of Engineers is currently planning a
massive concrete structure along some 10 nmiles of the Intracoastal Waterway
in this vicinity, and has as its goal to preserve the integrity of all |and
north of the Intracoastal Waterway.
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PREDI CTI ON OF BUBBI DENCE RESULTI NG FROM CREEP CLOSURE
OF SCOLUTI ONED-M NED CAVERNB |N BALT DOMVES

JAMES T. NEAL o _
Underground Storage Technology Division 6257, Sandia
National Laboratories, Albuquerque, NM 8712305800

ABSTRACT

The prediction of subsidence rates over a range of
areal configurations of solution-mned caverns in salt
dones is possible, based on some fifty years of history in
solution mning. Several approaches contribute to
predictions: site-specific observations obtained from
subsi dence nonitoring: numerical rmodeling, now becom ng
nmore practicable and credible: salt-creep data from
testing: and rule-of-thunb nethods, based on experience.
Al of these approaches contribute to understandin
subsi dence but none are totally reliable alone. e
exanpl e of subsidence occurring at the Strategic Petroleum
Reserve sites denonstrates several principles of cavern
creep closure, the main cause of the subsidence, and shows
that reliable projections of future subsidence are
possi bl e.

| NTRCDUCTI ON

~Solution mning in salt is now a mature technol ogy,
having been practiced for nmore than 50 years, first in
Europe and now extensively along the U 'S @lf Coast.
Mre than 500 permts for solution mning have been issued
by the State of Texas alone, with the Barbers H Il dome at
nt Belvieu, Texas, having nore than 100 caverns.
Caverns are created as a result of dissolution durln?
extraction of brine, and intentionally for storage o
|iquid or gaseous hydrocarbons, or other material such as
I ndustrial waste. .

Frasch mning of sul phur from the caprock overlying
salt dones is a type of solution mning, strlctl¥
sPeakl ng, and the acconpanying subsidence and co I%se
effects are reasonably well known (Deere, 1961). e
phenonenol ogy associated wth subsidence induced from
sul phur extraction differs from that associated with the
creep closure of caverns or mne Oﬁenl ngs in salt.
However, subsidence associated with this type of sul phur
mning it is not discussed here, but nonetheless is often
ponculrtrent with subsidence resulting from solution mning
in salt.

- Although common in occurrence, subsidence has not been
wi dely reported on, possibly because of the perception of
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adverse publicity which nost conpanies and institutions
wish to avoid, dnd because of difficulty i1n obtainin

accurate neasurenents. Subsidence is an acknow edgedgfact
of life wherever |arge. underground voids have been
created, and openings in salt follow specifi <‘S rules
related to the rheologic behavior of salt. one ten years
of history of Strategic Petroleum Reserve (SPR) operations
denonstrate subsidence phenomenol div and point to npeans of
prediction. Gbservations of subsidence from |eveling
surVeys, numerical modeling, lab creep testing, and rules-
of-thumb have all been used to predict subsidence.

The 65 SPR caverns now contain some 500 mllion
barrels (MB) of crude oil in five salt don&&. [ Ir?' 1)7 and
when full wi'll contain about 675 MB. An additionmal 73
MMB is contained in a former room and pillar mne at \Weks
| sland dome, LA but the subsidence ﬁhenorrenol oga/_ there
differs because of nore shallow depth and much different
georetry conpared to solution-mned caverns.

14dISSISSIN_
AV Y

MISSISSIPP!

LOUISIANA

A‘%\‘
e "

SULPHUR MINES  BAYOU CHOCTAW BATON ROUGE GULFPOR™

BEAUMONT \l ® o ke canes WUARAYETTE

WEST HACKBERRY o
WNEW IBERIA
5 QWEEKS ISLAND R‘Sx

GULF Of MEXICO

Fic. 1 The six Strategic Petroleum Reserve
sites (star) are located in Louisiana and Texas.

ORIGIN OF CAVERN SUBBIDENCE IN BALT CREEP

The process of creep closure in underPround caverns is
understood qualitatively to occur radially into the
cavern, with the largest anpunts at the cavern bottom
[Fig. 23. The closure requires the concomtant flowage of

salt fromall directions and therefore a grﬁdual. %owerin
of the surface, i.e. subsidence. Factors that influence

the absented variations in creep closure in caverns are
the constitutive properties of the salt, the depth, which
controls tenperature and lithostatic pressure, the
differential pressure between that in the cavern and

lithostatic pressure, cavern shape, and the configuration
of nultiple caverns.

Laboratory tests conducted at 320 C revealed large

variations in salt creep response between sites and within
a single site and nmay be due to experinental and/or
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constitutive differences (Swelson #ﬁ Kelgakl, 1984).I Many
ata scatter between sanples

authors believe that the

FIG 2 Creep closure and subsidence associated
with caverns in salt. Arrows show vector
quantities of relative closure; dashed lines are
flow patterns in salt. Some 10% of cavern
volume is lost by this process in 30 years.

results from characteristics at the nolecular level, as
attenpts to correlate inpurities, fabric, or crystal size
have been unsuccessful. Some sanples show greater
sensitivity than others to tenperature change. cavern
shape influences creep by virtue of surface area ang
depth: an egyal-vo!une sphere possesses about 61% of the
area of a 10| cylinder and consequently has less creep
closure and nore” uniform pressure and tenperature.
Ml tiple cavern arrays display synergistic effects that
result in additional subsidence over what would be
expected for single caverns (Chow, 1974; Sutherland fl
Preece, 1986). . .

Cbservations in mnes, boreholes, caverns, |aboratory
creep tests, and in calculations all show that salt under
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constant |oading displays a rapid _but transient initial
strain response (primry creep), followed by a longer-term
steady-state deformation (seco_ndar){ creep), and sonetines
an increasing rate of deformation leading to rupture
(tertiary creep) [Fig. 3

CONSTANT STRESS

RUPTURE —~

™

<
<
E SECONDARY
7/p) (Steady State)
m A——
I TERTIARY
w /
c
O | /f—
PRIMARY

TIME

FIG 3 Phases of creep deformation in salt.
OBBERVED BUBBIDENCE AT BPR BITES

Subsi dence observed at SPR includes nultipl ecaverns
and sites and illustrates various principles of salt creep
and associ ated subsidence, denonstrating varying salt
properties, differing cavern shapes, depths and
configurations, and variable site ?eol ogy. Regional
subsi dence from other sources is also occurring in
addition to that induced by the SPR caverns but this
contributes only a small amunt to the overall subsidence.
Repetitive surveys at approxinately annual intervals have
been conducted at each of the SPR sites (Table I?, show ng
val ues of average annual subsidence that ranged Trom9 to
63 mm A total of sone 350 survey points include cavern
wel | heads, concrete foundations, and constructed
monunents, all located over a total area of about 7 knR .
A wide range in values is observed both within and between
sites; thus understanding the phenonenology is essential
to establishing a |predlc ive capability. o

The data of Table 1 show a sevenfold variation between
the smallest (Bryan Mund) and |argest (Wst Hackberry)
subsi dence rates. Upon initial inspection basic
parameters appear simlar, but detalled examnation
reveal s possible reasons for the variation. Laboratory
creep rates of Bryan Mund salt are among the |owest of
any salt studied (Wawersik & Zeuch, 1984), and the West
Hackberry caverns are some 180 m deeper on average. Wile
this may not seem significant, the exponential increase in
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creep with depth can account for the najorit¥ of creep
occurring in the bottom 20% of the cavern [Figs. 2 & 41
(Todd, 1989; Heffelfinger, 1990).

TABLE 1 Sunmary of measured subsidence, SPR sites, 1982-88
(Goin and Neal,” 1988)

8ITE (capacity, VEEST V\EEKS BULPHUR BAYQU BRYAN
in Mm)

POUND
v Zzv NV NV - 7%0 NN 226
AVO. subsi dence 62.5 34.8 29.1 18. 7 (9. 0)
(mm year-1)
Min./Max., 27/ 82 12/ 58 21/ 38 12/ 34 3/ 20
(mMmyear - 1)
St andard Error 3.14 4.02 3.84 1.83 2.93
(mmyear- 1)
Cavern Depth, Pr 823/ 140/ 823/ 762/ 640/
t op/ bott om 1372 226 1106 1220 1250
8al t  Roof 186 99 375 670 320
Thi ckaos8, r
Ca;l)_r ock 152 0 305 61 99
hi cknaar, m
Vol une hrea-1 1.92 0.64 1. 46 1.24 1.98
(MKBBL ha- 1) . ,
Qther Activity 0i | salI t: glul phur; oi | sul phur
o]
Extraction -3 -25 M -— -7
Ratio, t

*Data from Weeks Island i s included here, but storage is in a
former roomand-pillar salt mne; Big HIl dome i's not included,
bei ng now devel oped, and subsidence nonitoring is just beginning.

~Sone of the data is not entirely consistent, and this

difficulty has been attributed to 1naccurate or shifting

reference” nonunments, to instabilities in individual
nonunents, and possibly to leveling inaccuracy.  Changes

in survey practices, nonunents, and reference points are
expected” to inprove future neasurenments. The Vst
Hackberry data are the nmost consistent, and this site has
high interest within SPR because of the | ow surface
elevation and location within coastal marshlands.

TREND FORECABT OF WEST HACKBERRY BUBBI DENCE

Projections of subsidence trends of the |ower elevation
areas of the West Hackberry site are shown in Table 2
based on rates established over sone elﬁht years of .
measurements.  No indications of rate changé were noted in
any of the data, thus it is assumed to represent steady-
state (secondary) creep primarily, with most of the
primary creep closure [Fig. 3] having occurred early
during the three-year |eaching process to create the
caverns. Thus the projections are linear, based entirely
on observed rates. The projections allow for no change ‘in
regional subsidence or uplift rates, but this is only an
insignificant small portion of the total subsidence
measured. The results show that the already |ow areas of
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the site within a few years will be at or below the |evel
of Black Lakeon the northern perimeter, which has a nean
tidal elevation of 0.6 m These projections allow tine to
consi der engineering solutions, e.g., diking.

TABLE 2 Projected Surface Elevations for Selected West

Hackberry Stations in Mters, Relative to Mean Sea Level

based on 68 nonths data, 1982-88. ,
8UBS| D1CBCB Projected El avatioas

STATT On- m IUTB | +2m <—a. 2009 2015
(9/88) (mm no.- )
gs3 0.162 0.909 2.38 0.72 0. b7 0.43 0.29 0.15
sigs 4 0.320 2.13 4.71 1.75 1. 47 1.18 0.90 0.62
g|! Xss 0.329 1.70 4.84 1.31 1.02 0.73 0.44 0.15
WwiH 6C+ 0.332 1.58 4.89 1.18 0.89 0.60 0.30 0.01
wH 8A+ 0.271 4.01 3.99 3.69 3.45 3.21 2.97 2.73
wiH 108* 0.165  2.28 2.42 2.08 1.94 1.79 1. 65 1.50
wH 110*  0.399 2.03 5.87 1.55 1.20 0. 85 0.50 0.14
wd i11* 0.387 2.08 5.69 1.62 1.28 0.94 0.59 0.25
wH 113+ 0. 408 1.86 6.01 1.37 1.01 0. 65 0.29 -0.07
wH 114*  0.412 1.84 6. 05 1.35 0.99 0.62 0.26 -0.10
wH 115*  0.466 2.32 6. 86 1.76 1.35 0.94 0.53 0.12
wH 116+ 0.378 2.10 5.30 1.67 1.35 | -03 0.71 0. 40

* \l | head el evations are neasured ét.unknown hei ght phove the grouhd
siJrface. Bold values are below nmean tide level of Black Lake, 0.60 m

Another mtigating measure would be to operate the caverns
at the highest possible differential pressure (-90% of
lithostatic at ca3|n% seat) to slow creep to the extent
practicable. The effects of operating pressure on closure
vs depth are shown dramatically in the calculations by
Heffel finger, 1990 [Fig. 43. operating at |ower pressures
could exacerbate existing subsidence.

NUVERI CAL PREDI CTI ON METHODS

Finite elenent nodeling can be used to predict the
creep of materials under loading and is_conmonly %ﬁ£|led
to engineering problens such as this. Segal man”(1989)
cal culated creep closure and subsidence of a generic
(average nateri al Fropertles and depthg Vst ckberr
cavern, using the JAC code (Biffle, 1984). Cavern volume
loss rates are plotted along wth subsidence vol ume and
show close parallelism [Fig. 51. The ratio of subsidence
volune to cavern volume loss is also plotted and shows
that after 10 years sone 70% of the closure will have
mani fested in subsidence, increasing only to 80% after 30
years, and showing the same steady-state trend. These
cal cul ations reveal volunmes close to measured subsi dence
rates, and they appear useful primarily in explaining
phenomenol ogy at this point. o

A nore direct nethod of predicting cavern perfornmance
has been proposed by Thorns and Gehle (1983) in which the
borehole that is constructed for the eventual cavern is
observed over a period of several years and its measured
closure rate is ratioed with the projected cavern
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di mensions. A I|n1t|ng factor |s that all neasurenents of
closure are tinme dependen thus |ong-term behavior can be
estimted best when steadY state closure is indicated.
Field tests are normally Timted in duration, naking it

2000 _“
’.
i too
—— 300 psia
2500 |~
ST TP 600psia
t i — — — 900psia 8o E
x i T
- T 1200psia
o B
Q 3000F 900
& | z
Dot .
a -
3 1000
3500
- 1100
i | | 1200
4000 TR T Ry T
75 80 85 90 95 100ft

RADIUS

FIG. 4 Calculated effects of differential
ressure at 600, 900, & 1200 psi (4.1, 6.1, 8.2

a), plotting cavern dianeter vs depth at
30 years. From Heffelfinger, 1990

difficult to obtain such information. However, long term

projects that enplace multiple caverns offer excellent
pﬁortun|t|es to use this method. Once the creep closure
behavior is known, then subsi dence estimtes can follow,

usi ng ot her geolo I C |nfornat|on on ?prock and overburden
in conjunction. n this regard, simlar experience and

conditions are needed for extrapolation, unless nodeling
as described above is used.

SUBSI DENCE  ESTI MATI ON

Frequently it is desirable to estimte subsidence
effects in advance of actual cavern devel opnent, given the



Subsidence Volume

Cavern Volume Loss

_—
4 8 12 16 20 24 28 3

YEARS

FIG. 5 Tor_Cal cul ated creep closure and
associ ated subsidence for a ge,nerlcf st
Hackberry cavern. Initial r plld closure

rimry cree ives way to_longer-term
gecond)allry) crpgzepg. M IR’at(i)og of subsi dence
to cavern closure, show ng sone 80% of closure
.is manifested in subsidence in 30 years. From
Segal man, 1989.
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| arge investment in such operations. Approximtions of

t he potential subsidence pattern was estimated for a 200
MB generic cavern field [Fig. 63. The estimate of about
1.5 m maxi num subsi dence over 30 yrs is based on a rule-
of-thumb for volume loss used in SPR (10% in 30 yrs),
conparisons wth dones having caverns at simlar depths
(Bayou Choctaw), simlar group patterns observed in the

Fig. 6 Probable 30 yr subsidence pattern
resulting from 200 cavern field.

cavern field at West Hackberry dome, and know edge of
creep principles obtained from nunerical calculations
(Segal man, 1989; Heffelfinger, 1990) [Figs. 4 & 53. The
estimate apgears reasonabl e based on experience observed
el sewhere, but there is no material property data or salt
core to substantiate it.
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APPENDI XD
SUMVARY OF WELLI BGS; WEST HACKBERRY SALT DOME*

WELL NAME
0901 1501 1503 1506 1507 1510 1511 1512 1513 1513 1514 1515
REF. EI. 2 1 13 20 20 20 20 22 20 20 23 21
88888888888888888-888888=== —8888888888888888- mt83fm*~888888*888-8~~-8~-888~8~**~~~88n~8~*~
SW80L
0 330
S 370
i 580
P 940
kS 1100
ne 1220
RP 1270
PL 147a
Ml 2940 2880
A 4380 3240
8 5260 3480
A8 7650 4330 6790 6120 7100 7080 7050 6010 6010 5330 52S0
SD 9720
DR 10020 5770 5590 8740 89A 9480 9300 94m 8960 8960 8810 8180
5780F?
nn 11770 8930 9190 9950 9810 9940
57EiOF? 10010F300 10540F300
F 12100 5870U 10550 10300
CH 6420 10150 10950 10700 10760
MB 6630 10520 11350 10860
PR 9010 9010
T0 12245 6700 6262 l1am8 las40 11783 10930 10880 10297 10297 8347
WELL NAME
1516 1517 1518 1519 1520 1521 1522 1523 1524 1526 1527 1528
REF. EI. 21 22 21 23 20 21 15 20 22 18 19 20
8888888888888888-8888-8 me-Ss-asgll-l——IfnmsSsSsS M8 ———mMnSIinNniMmtuas8nNnn88s8SNnN8N8—M —Nnn888n
SywoL
A8 5680 5520 5630 5720 4730 5410 5420 5650 5590
DR 6480 6880 6130 5800 6260
TS 6050 5340 6470
0 7000 6608 6250 5589 6563 660D 6500 6515
* 1. See Table 1 for definition of stratigraphic abbreviations
2. Suffixes to depths are abbreviations for
U Unconformty Pr: Overpressured
M Mneralization F: Fault - with throwin feet
where estimated
3. First two digits of well designations indicate section nunber;

second two digits indicate sequence nunmber and designation on cross
sections.

D-I
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STRATEGIC PETROLEUM RESERVE
SLMARY OF UELL LOGS

WEST HACKBERRY SALT DOnE

ARARRRRRRAAERERRRR RSN h Rl

VELL NAME
1529 1530 1531 1533 1540 1541 1542 1543 1544 1H5 1546 1%7
REF. EL. 20 20 18 23 27 22 19 22 22 20 23 21
SYMBOL
PL 1BDO
33&m
AB 5050 5700 7050 5300 5500 5150 5300 wI0 5380 HIO
622cm
DR 6250 6550 9310 6450
MH 9830
F 10330
CH 10720
TS 5950 5no
6080M 6%m
ID 6050 6500 6700 10900 6295 6250 6250 4%59 6169 6750
YELL RAMi
158a 1549 1550 1551 1552 1552-JF1  15% 1602 1603 1604 1605 1606
REF. EL. 21 21 20 20 20 20 27 23 20 24 10 20
SYMBOL
Ml 2580
A 3200
8 3800
AB mm 5290 5320 6950 7020 bmo 4070 5260
) 4870 970 6560
55cm S5400M
DR 6760 6150 6190 9240 9390 9110 5530 5730 7440 8410 9460
8000M
m 10500 9940 9560 5820 8260
f 10560 10110 6550 8780 9260 11020
6720M
ctl 10970 10360 6840 9090 9580 11330
MB 10740 6900 9850 11500
TS 5840
) 6230 6256 10793 11006 6300 7250 9160 10080



YELL RAMI

1601) 1612 1614 1619 1621 1623 1625 1626 1628 1629 1630 1632
REF. EL. 10 22 10 10 10 10 21 21 16 10 10 10
SYMBOL
s 480
1450u
267DU
b 780
ks 920
M 1110
R 1220
PL 1290 1450
Ml 2270u 2470
A 2850
332011
B 3550
370DR
AB 3920 4120
<D 6220
DR 7420 4640 5700 7150 5800 7590 870
NH 8200 7830 7760
5060u
F 8700 587D 8620 9150
g 6450
4330F7
4450M
TC 1930
1s 4710 3359
™ 9050 4785 5518 5990 7960 1970 7150 9080 10050
VELL NAME
1634 1637 1638 1639 1640 1642 1643 1644 1645 1646 1647 1648
REF. EL. 10 29 30 29 29 27 20 30 28 30 20 27
th=—*th=lrr=ID** t~~==~*—*~* e~ ~=*=—==*_ n_|~tlrrtnl™* 8 - X~8~X =-~N~x~%~8
sYwol
PL 153al
nr 2772l
A 3250
AB 4100 5750 7040 5720 6230 7150 5800 4070 4830
D 5810 6870 7070 7630 8450 7070 4970 6040
5890u 541m
DR 6670 7910 7850 9050 Sow nso aB70 9450 a070 5900 6990
A8 ESO 7070
818DR
WH 8230 8640 a530 10400 8800 8410 10090 10530 8860 7640
F 8710 9120 9120 1087D 9240 8850 10560 11020 9420 6400 6310
6720l
cH 920 9410 9SW 11290 9610 6840 8800
He 9010 9690 9830 6w
11100PR
91WF150
Lo 9200 6500 9510 9600 112iW 9270 10720 11650 998D 7250 9050
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STRATEGIC PETROLEUM RESERVE

SLIMMARY OF WELL LOGS
WEST HACKBERRY SALT DOME

T+
VELL NAME
1649 1650 1651 1661 1642 1663 1645 1670 1671 11 1702 1703
REF. EL. 30 30 26 27 30 10 10 10 29 25 21 19
t—-t~11tu8la~Xn—~~*~~y~=- --—N——-Nr—xX*runN=--——-— nx-a——-=u—~—n-n-- —-l-Lul>**-11t-——
SrwBoc
" 2550
A 3800
4640
AB 5220 5260 5330 7070 4780
D 6610 6570 6620 5880
bR 7250 7530 7740 9300 6910 8000 8240 9080 5920 5880 5760
8250N
] WO 8160 8430 10500 7570 8850 8330 10360 6380 5650 -
8870F450
] 2800 8630 8830 10920 8050 9540 8980 6350 6490
o 9150 8900 9180 8370 9840 9260 6920
He 9400 10190
s 5360
™ 9350 9100 11240 85600 10630 9510 10966 7220 6700 7180
VELL NAME
1704 1705 1706 im7 1708 1709 1710 1711 1712 1715 mnz 1720
REF. EL. 26 0 20 20 20 20 20 19 28 10 10 23
SYNBDL
PL 2560
M 2750
2580U 2520u
A 3100 3080 2910
B 3300 3250 3210
3380F?  3550F? 405w 528al
2B 3830 4600 3810 4650 4120 3900 3720 4180 5760 3710
) 4930 5110 4050 4980 5050 4050 6970 4710
A8 5710
DR %20 5590 5390 5770 %W 5440 4380 5710 720 7160 8150 5320
7820F7
RH 5920 64400 IO 9120
F 5760 5710 6640 8930 8160 9570 6040
CH 5960 7030 7210 5820 4780 9300 8700 PO10 6520
HB 5920 5300 10120
™ 6500 7150 6000 6070 61W 5460 6300 9350 8764 10220 6800
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WELL NAME

1721 1722 1726 1728 1729 1730 1732 1737 173B 1742 1743 1744
REF. EL. 25 21 20 22 21 18 25 12 24 15 21 18
el —>1t——1*1*u——u-*-u > —— _*ILIIIIt*rt——l=—=—n—=*—*—_ _—_ *__
SYMBDL
i n o
p 950
Bp 12BD
PL 1350
MI 2450
A 2830
3040M
AB 3060 3780
31304
3850M
41901
SD 4890
DR 4690 5380 Qso 7300 6140 6300 7510 7440 7190 5690 6380 6550
Aa 5760
MH 9200 7200 66Bo 8290 8210 7940 7400
7340HW
F 5650 9580 8430 7430 bozo 8920 8820 8520 6260 7380
CH 4930 6470 8960 8120 7600 8870 7500
HB 9100 8210 7860 7900
To 5340 6700 9800 9200 8400 7930 9290 9150 8200 8000 8200
WELL NAME
1746 1747 1748 1749 1750 1751 1752 1753 1754 1755 1756 1757
Rer. EL. 1 23 24 25 29 31 25 25 30 29 20 20
SYMBOL
AB 4380 3880 5000 5120 4440 4370 4580 6490 5130
SD 5970 6200 6400
DR 5270 5320 5310 5470 6600 6750 5380 5250 7228 5860 8490 7480
MH 6050 9510 8060
F 5600 6560 5510 5770 7720 7840 5650 5380 8290 6440 9650 8540
CH 6370 6420 6900 8250 6220 6900 8800
N8 6490 6440
7180Pr
T 6810 7000 8020 8480 6190 6680 8900 10250 9050
WELL NAME
1756 1759 1760 1761 1762 1763 1764 1765 1766 1767 1768 1769
REF. EL. 24 29 28 30 28 28 28 30 30 24 30 0
=E
SYMBOL
42200
AB 4970 6610 4200 4690 5040 6330 4610 5110 6510 5930
SD 6170 8220
DR 6910 8900 5930 6460 6890 8070 6230 6245 6740 8010 8180
MH 7570 10400 7480 8890 6400 8010 8930 9220 7980
F 8130 10780 6750 7310 7920 9280 6850 6920 9320 9620 &7
CH 8520 8320 9500 7510 7740 9650 9890 8700
L] 8500
™ 8630 10980 7300 a510 8710 9700 7980 7868 8420 10000 8780
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WELL MAME

1770 m 1772 1773 177 1775 1776 1 1780 17al 1801 1602
REF. EL. 28 19 29 29 28 30 16 30 31 28 19 20
SYMBOL
AS 4800 4720 5100 3780 5180 6920 4650 6510 5490
(-] 6150 6260 6320 7120 8700
DR 8330 4630 7000 7000 7170 5390 10 8950 6000 8440 7180
T820F260
[ ] 9230 7610 7465 7630 8700 10300 9170 8110
9250F100
F 9520 7850 8080 8100 5540 9180 10700 6960 9600
CH 9870 4930 8300 8510 6330 10930 7410
H8 9990 5770 8600
9840pPr
™ 10060 5810 8700 8706 8780 6720 9550 11100 7680 9900 8490
WELL NANE
1803 1804 1807 1808 1809 1810 1811 1812 1814 1816 1817 1818
REF. EI. 20 20 20 22 20 22 18 19 17 20 20 20
SYMBOL
AS 4890
DR 7000 5890 7800 8370 8190 7880 7720 7430 7280 8300 8000
L] 7930 8670 9010 8920 8385 8245 7900 8650
8760F600
F 8370 6340 9180 9440 9230 8560 7480 8520 9390 9200
CH 6680 9400 8790 7950 8700 998s 9710
W8 9600 9540 88560 8790 10220
™ as40 6775 9453 9891 9734 9601 9100 8918 8173 8919 10336 9825
WELL NAME
1820 1821 1824 1825 1826 1827 1828 1829 1830 1831 1832 1834
REF. EL. 20 22 10 26 30 28 29 29 27 28 29 20
SYMBOL
AB 4570 4880 5580 5920 6540 4450
DR 7590 6520 8480 5570 6290 6250 6810 7270 7390 8540 5810 76490
L L] 8210 6870 9790 6450 7220 7990 7920 9310 7720
F 8790 7570 10170 6160 7025 7110 7770 8590 8410 9740 6300 8310
CH 9160 870 10490 6590 7540 10 7020 8750
W8 9290 10610 7830 8890
T 9451 8530 14010 6860 8110 8300 8650 8600 970 7300 9000
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STRATEGIC PETROLEUM RESERVE
SUMMARY DF WELL LOGS
WEST NACKBERRY SALY DOME

WELL NAME
1841 1901 1901-ST1 1903 1904 1905 1906 1907 1909 1910 1911 1912
REF. EL. 32 29 29 1 1 21 21 23 13 21 21 21
SYMBOL
[] 350
3070 3060 3210M 28808 3000 29704 2780
33104 38104 &2704 3540M 3240m
35704
{ 650 420
3310
3570M
p 900 660
ks 1150 890
ne 1240
PL 1430u 1340U
[} 247D 2510
A 2820 2870
8 3090
AB 3930 4170
52200 53600
A8 3760
DR 6800 3650 4410 5880 5960 6000 3870 3980 4100
44504
A8 5020 4670
MH 7250 4600 5300 4250
F 7900 4480 5170 4840 4240
[« ] 5200 4900
K8 5830
TCc 2460
1S 3620
™ 8600 5600 6040 6070 6260 4310 5480 6980 5440 5500 4950 5240
WELL NAME
1913 1914 1915 1916 1917 1920 1921 1922 1924 1926 1928 1929
REF. EL. 19 20 22 20 21 10 1 10 21 10 10 23
SYMBOL
2800M 2730M 2590M 27204 2650M
3250M 3020M
39608 3240m
43508
A8 4490
DR 2930 5650 6230 3330 7470 7430 77750 7300
A8 4700 3240
MH 3600 8000 8130 m o
F 4210 8710 8530 8300 4440
CH 8560 5070
[[1:] a670 5610
TC 1730
1$ 2401 3200
8s 4350
A 1] 5550 4010 S800 6600 4350 8960 8810 1990 5950
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STRATEGIC PETROLEUM RESERVE

SUMMARY OF WELL LOGS

WEST HACKBERRY SALT DOME

WELL NAME
1931 1932 1933 1934 1934-ST1 1935 1936 1937 1938 1939 1940
REF. EL. 10 10 28 14 14 30 21 1 10 20 10
SYMBOL
i 550
31104 3060 2570M 34708
3910 3610M 29504
4260 3860M
P 760
ks 1020
8p . 1240
PL 1290 1310
Ml 2370 253U 26300
2650 32304
33908
A 2740 2800 2620
B 2850 2920 2950
A8 4100 3620 4350 3400
DR 4500 5420 4020 5280
A8 5250 5160
ST00F?
F 6080 4320
CH 6550
L] 5830
2880Pr 2910Pr
s 3620 2770 3320 4950 4900 4910 5100
BS 4440
1] 4300 5850 4500 6040 6800 5130 5850
VELL NAME
1942 1942-ST1 2002 2003 2004 2005 2006 2008 2011 2013 2019 2029
REF. EL. 1 1 1 19 D 10 10 16 10 10 12 20
SYMBOL
[ 250 410 370 1m
s 300 610 530 230
450 720 680 &0
2} 630 1010 860 580
ks 860 1270 1200 780
ne 1100 1480 1490 1160
8p 1200 1675 1390
PL 1390 1750 1480
DR 7180 7330
MH 7720
F 8040 8290
TC 1640 1621 1890 2064 1620 1600
s 2080 2080 2228 2030 2080
™ 8522 8730 5000 4600 2650 17% 1550 1775 1610
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STRATEGIC PETROLEUM RESERVE
SUMMARY OF WELL LOGS
WEST MACKBERRY SALT DOME

WELL RARE
2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041
REF. EL. 17 19 18 16 11 a 9 9 a a 10 a
3888833388888888¢
SYMBOL
a 300 100 210 230 260 270 220 280 200
s 350 250 280 330 340 300 350
i 400 360 530 370 350 490 600 420 560 510 410
p 600 720 720 600 550 730 850 720 760 710 690
710F100 840750 880F?
ks 880 940 930 720 740 910 950 890 960 850
920F50 930200
ne 1170 1200 1190 1020 1080 1180 1300 1290 1190 1150 1230
1230750
Bp 1360 1400 1210 1250 1360 1450 1310 1330 1460
PL 1320 1450 14200 1360 1380 14400 1520 140U 1470 1520 16350
1760U
Tt 1570 1600 1600 1630 1630 1710 1910 1620 1830 1680 1700 1770
1 2090 2080 2080 2050 2070 2100 2010 2070 2140 2120 2100 2120
™ 2030 1720 1880
VELL NAME
2042 2043 2045 2046 2047 2048 2049 2050 2051 2052 2053 2054
REF. EL. a 10 10 19 18 10 10 13 10 10 12 10
SYMBOL
i 410
p 750
ks 930
ne 1300
8 1400
PL 1480
TC 1650 1590 1610
TS 2170 2070 2020 2057 2020 1990 2010 1981 1980 2080 2000 2016
™
WELL NAME
2055 20% 2057 2058 2059 2060 2061 2062 2063 2064 2101 2103
REF. EL. 5 10 10 10 10 5 10 10 10 10 0 16
SYMBOL
a 130 170
s 230
i 340 320
p 480 500
ks 1190 940
ne 1520 1130
PL 12400
TC 1580 1550
s 1935 1970 1968 1919 1965 1919 2050 2040 2060 2042
™ 1560 1600
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STRATEGIC PETROLEUM RESERVE
SUMMARY OF WELL LOGS

WEST HACKBERRY SALT DOME

NELL NAME
2104 2111 2119 2120 2121 2122 2130 2131 2132 2133 2134 2135
REF. EL. a 20 9 5 10 15 10 10 15 10 10 10
888888888888888888888 838888883888888388888833888888388
SYMBOL
D 350 350 335 355
s 520 150 550 505 520
630 360 340 330 360 630 645 610
p 860 530 500 430 850 1028
ks 1200 1000 910 860 930 985 1260 1140
ne 1420 1150 1130 1120 1170 1305 1220
Bp 1250 1415
PL 1530 1350U 1400 1350 1380u 1530 1330
TC 1700 1551 1570 1700 1710 1670 1605 1560
T$ 2058 2049 2049 20%
™ 1710 1645 1590 1560 1740 1642 2258 2260
WELL NAME
2136 2137 2138 2201 2203 2207 2210 2222 2232 2249 22% 2258
REF. EL. 10 10 10 10 10 15 10 20 12 15 15 15
SYMBOL
a 310 330
s 560 590
650 710
p 990 1020
ks 1240 1260
ne 1450 1610
PL 1600 1720
M 2300 2290 2220 2380 2400
AB 2880
SD 3060
2600M 27604
DR 2890 2870 3770 3190 2820
1] 3970 4310 4320
F 4500 5410 4840 5010
CH 4880 5390
H8 5210
PR 2890 2870
18 2062 2055 2048 2191 2000
8s 2200
™ 3613 34% 4033 4000 5425 5721 4910 5420
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STRATEGIC PETROLEUM RESERVE
SUMMARY OF WELL LUGS
WEST HACKBERRY SALT DOME

WELL NANE
2259 2264 2266 2267 2269 2271 2275 2276 2277 2278 2, 2280
REF. EL. 15 20 19 23 15 15 20 13 10 14 12 13
SYNBOL
a 250
22504 2570
2600M 29504
s 410
i 590
P 940
ks 1090
ne 1320
PL 1610
" 2620 2670 2330 2250
2780 2500M
AB 2780M 2960 3020 4030 28004 2670
2910M
DR 3850 3980 3880 4260 2970 2960 3750 3200 3270
MN 4640 5065 5180 4290 4370 4760 4360
F 5140 5650 3710 4760 4920 5350 4820 4260
CH 6000 4900
PR 3750 3270
TS 3290
™ 29464 3424 3961 5198 5800 5820 6150 5015 5250 54% 5003 5150
WELL NANE
2281 2282 2283 2284 2285 28 2287 2288 2401 2402 2403 2404
REF. EL. 15 15 10 10 18 31 12 10 15 20 19 20
SYMBOL
. 430 420
s 520 530
; 660 580
p 940 920
ks 1170 1480 1360
ne 1300 1660 1600
PL 1500 1780 1730
M 2530 2730 2180 2650
2590 26000
AB 2740 2680 6170 5690 5700 5980
DR 3140 3370 2750 3560 3050 3320 3740 8700 8430 8280 8340
3780pr
" 4230 5270 4930 4790 9470 9240
f 4730 5020 9950 9410 9250
CH 4960 10100
] 5460 10300
TC 1910
™ 5515 3200 5501 3245 2000 5505 5326 10390 9622 9494 9388
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WELL NAME

2405 2406 2409 2410 2411 2412 2413 2414 2415 2418 2418-ST1 2431
REF. EL. 20 21 15 20 23 20 20 15 20 23 23 13
8888888888888588888 8888888888888888888888888888888888888~ 83888885838888858888588888
SYMNBOL
38604 3290
AB 6110 5670 5610 5890 6010 5840 5650 5860 6440 3450 5700
DR 8320 8060 8100 8450 8550 8340 8290 8150 8000 7630 7630 6870
T 9040 9450 8955 8850 8650 7960
F 8480 9170 9410 9250 9090 8430 8440 8450
cH 9610 9030 10060 9895 9590 8970
HB 9820 10180 9650 9820
™ 9965 %23 8838 9805 10410 9786 100% 9900 9300 8340 8910 9140
WELL NAME
2432 2433 2435 2436 2440 2441 2442 2443 2444 2us 2446 2647
REF. EL. 15 15 20 22 23 29 28 27 25 15 17 15
SYMBOL
. 270 27 270
2980M
3270
3690M
41504
52704
s 390 390 370
i 450 450 450
P 820 820 MO
ks 1270 1270 1310
ne 1690 1690 1620
8p 1720
PL 1790 1790 1820
AB 5310 5790 5300 5690 5780 5610 5560 5600 5790 4890 5410
DR 6870 6790 7310 370 8230 8070 7040 6775 6790 7050 6710
MH 7920 7790 9250 8420 8800 7830 7790 8190 7580
F 8175 9770 8730 8900 9150 8175 8530 8160
CH 2820 8320 9390 9510 8920 8630
] 4370 8370 9160
™ 8900 8500 9215 10054 9250 9629 8385 9790 8540 8500 9500 8756
WELL NAME
244a 2505 2507 2509 2519 2520 2521 2522 2702 2703 2705 2706
REF. EL. 10 24 15 20 20 22 23 19 20 10 10 10
SYMBOL
. 340 340 340
s 580 580 580
i 690 690 680
P 970 880 1110
ks 1210 1370 1280
ne * 1540 1590 1580
PL 1760 1740 1740
Ml 2220 2310 2180
AB 6130 5710 5610 5390 5230 5220 5690
DR 7690 6950 6950 6760 6545 6530 7020 8430 3400 3170 3115
N 8990 8010 7725 7370 7390 8160
F 9430 8550 8500 8270 n 7830 9410 3400
cH 9130 9040 8720 8370 8270
] %15 8570Pr
3330Pr  3450Pr
3 9110
™ 9674 %85 8901 8648 8430 9622 3457 3616



STRATEGIC PETROLEUM RESERVE
SUMMARY OF WELL LOGS
WEST NACKBERRY SALT DOME

VELL NAME
2707 2708 2709 2711 2712 2716 2718 2725 2727 2729 2737 2739
REF. EL. 10 10 6 13 15 10 10 10 10 10 10 10
888838833883888 88 83388888883333888888833338888888333338888888
SYMBOL
. 330 330 340 320 330 330 330 330
s 570 570 560 Sa0 570 Sw SW sao 570
700 680 690 700 670 (3, 710 700 660
P 1040 1010 980 950 1000 1020 1020 1010 1000
ks 1340 1360 1270 1350 1140 1390 1230 1240 1240
ne 1500 1550 1490 1500 1430 1580 1470 1470 1480
Bp 1590
PL 1640 1650 1710 1660 1710 1730 1720 1710 1710
M 2480 2300 2260 2580 2270 2300 2310 2280
AB 2450 3930
3100Pr
DR 317 3110 3130 4020 5000
ml 4250 5130 6320
F 4800 6000 7040
e 3280
3270pr 2970pr 3070pr
° 3433 3473 3509 5223 3446 3369 3420 3420 3286 3320 6241 8050
WELL NAME
2740 27U 2745 2746 2746-ST1 2747 2749 2751 2152 2152-sT1 2753 27%
REF. EL. 13 10 10 10 10 10 10 10 10 10 1 10
SYMBOL
AB 3200 4990 4550 4540 4540 4600 4870 4780 4940
DR 4430 5860 5550 5460 5550 5520 5950 6040 6190 6070 6830 6480
6830F450
uH 6110
F 6370 6050 5800 6610 o710 7640 7080 8400 8370
] 6940 6430 9200
8 7130 9620
6020Pr
T 6800 7149 6764 6105 6503 6302 6995 7519 7783 7304 10824 8530
WELL NAME
2755 2760 2761 2762 2763 2764 2765 2766 2767 2768 2770 2171
REF. EL. 10 11 12 12 13 13 12 22 12 10 13 16
SYMBOL
N 2270 2200
AB 4150 4680 3410 3110 3140 3120 3530 3005 3940
DR 5370 5690 4700 4160 4290 4190 4800 3140 3120 3350 5070 5130
S9BOF400
F 7860 6230 6550 6170 6040 4180 4200
cH 8350 6820 6060 6780 6130 4610 6240
HE 8590 6300 6890 6330 4830
® 8879 6460 6940 6328 7348 6301 6535 4914 4750 6876 6426
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VELL NAME

rigc 23 2774 2776 2801 2804 2807 2809 2810 2811 2814 2818
REF. EL. 16 10 14 12 15 a 12 16 16 14 1 13
SYMBOL
a 330 ub 400 380 380 380
s 570 sao 560 sSw 550
i 700 690 670 640 630
p 1090 950 930 900
ks 1360 1120 1140 170 1100 1050
ne 1570 1460 1460 1305 1260 1290
PL 1700 1710 1480 1500 1470
MI 2330 2480 2740 2100 2310 2250
AB 47So 4120 3550 3140
DR 3440Pr 5630 5510 4830 3390 2970 3090 3030pr
MH 6460 5880
F 5970 6250
3280pr 3300Pr 2000Pr
TC 1867 1960 2010
T 3980 6134 7147 6545 3473 3441 3130 4409 4250 2050
WELL NAME
2821 2822 2624 2825 2826 2827 2828 2829 2830 2831 2851 2861
REF. EL. 1 12 12 12 10 10 10 17 10 12 10 1
SYMBOL
] 330 330 340 400 320 380 340 365 370 400 400
] 560 590 570 SWw 570 590 610 540 550
i 640 670 660 670 680 650 630 620 600
P 970 1000 950 950 960 890 860 900 890
ks 1260 1270 1270 1250 1260 1160 1190 1170 11% 1130
ne 1520 1510 1510 1500 1560 1360 1480 1310 1350 1510 1380
1660V
PL 1710 1710 1700 1710 1470 1620 1620 1470 1760 1720
Wi 2110 2270 2250 2210 2220 2770 2060
AO 2300 3530 3200
DR 2640 3500 3170 2920 4930 3040
PR 4930
TC 1920 1840 1710 1840
L] 2910
T 3230 3500 3520 3470 5885 3400 3100
WELL NAME
2863 2867 2871 2880 2883 2889 2890 2891 2892 2893 2894 2895
REF. EL. 10 0 12 10 9 13 15 16 16 16 10 16
SYMBOL
a 360 320 330 400 410
s 550 560 560 570 590
i 630 680 620 630 680
P 750 970 900 900
ks 1130 1155 1340 1160 1130
ne 1470 1300 1600 1330 1280
PL 1700 1505 1500 1380
Ml 2230 2030 2170 2400 2200 2205 2190
AB 2370
2800M 3150pr
DR 2920 2630 2990 3250pr  3210Pr  3360Pr 3200
TC 1950 1900 1807
1] 3000 3300 3370 2094 3303 4020 4735 1878 4638
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STRATEGIC PETROLEUM RESERVE
SUMMARY OF WELL LOGS

WEST HACKBERRY SALT DOME

WELL NAME
2896 2897 2898 2901 2902 2903 2904 2905 2907 2908 2909 2910
REF. EL. 1 10 10 10 10 10 10 10 7 6 10 10
SYMBOL
s 300 370 370 350 37 3% 280
s 570 540 540 570 570 550
i 670 640 640 640 690 630
P 1020 950 950 930 960 950 1045
ks 1260 1210 1180 1180 1160 11% 1185 1110
ne 1550 1370 1340 1340 1350 1320 1300 1400
PL 1710 1620 1570 1640 1660 1625 1380 1510
MI 2190 2480 2250 21% 2240 2200 2150 1935
224W
8 2670
L] 2420
DR 3150 2870 2910 2720Pr 2780 2690 2820 2690
2900Pr
1s 2055 2056 3200 3125 3200 3200 3050
™ 3500 3891 2722 1900
WELL NAME
2911 2912 2913 2914 2922 2930 2931 2932 3001 3003 3009 3012
REF. EL. 10 10 12 10 9 7 10 6 10 10 10 10
SYMBOL
8 350 350 370 240 370
s 530 520 560 410 570
i 620 SW 650 500 680
p 980 860 940 860 950
ks 1170 1150 1140 1120
ne 1280 1260 1350 1330
PL 1380 1380 1600 1630
Ml 1720 2440 2150
2520U 2550U
B 2950
4900 4490M 4820M 4490M
4770M
AB 4920 4790 4780
SD 5520
DR 2360 2670 2680 6170 5950 5780 5990
2070V 65200
MH 6670
F 6440 6200 6500
CH 6700 6550
N8 6860 6700
X 7034 6900
2820pr
TC 1a30
1S 2068 2500 3500 2085
™ 2413 3004 3574 2830 7313 7055 6913 6632
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STRATEGIC PETROLEUM RESERVE

SUMMARY OF WELL LOGS

WEST HACKBERRY SALT OOME

WELL NAME
3014 3022 3036 3042 3050 3051 3052 3053 3054 3055 3103
REF. EL. 10 10 14 10 10 20 21 16 20 18 15
SYMBOL
a 480 600
i 770
p 920
ks 1230
ne 1460
8p 1560
PL 1640
49408
8 3050
S830m
4960 4850M 51208 5620M 6130M
AB 4970 3850 5270 5050 4510 5130 5510
52008 47008 6100M 6140M
5550M 5150 6550M
5950M S5410M
DR 6410 5800 6350 5600 6240 6750
F 6950 6840 6700 TikS
CH 7390 7180 5860 7910 7990
[ 1] 7550 7330 8010 8100
TS 2063 5600 2104
™ 7660 6480 7400 7000 6010 8693 8180 8200
VELL NAME
3104 3105 3301 3305 3306 3307 3308 3311 3312 3313 3314
REF. EL. 10 1 15 15 15 15 15 16 18 17 18
SAASASARSSE
SYMBOL
. sob 500 490 450
s 7Do 700 700 530
i 830 810 660
P 940 950 940 930
ks 1520 1510 1520 1300
ne 1670 1670 1680 1660
PL 1850 1860 1850 1890 1900 1860
L1} 3160 3170 3120 3390
A 1800 3450
a 3050 4250 460
49804
AB 5000 5200 5330 4910 5100 4970 4760 5410 5760 5330
5980M
D 5600 6520 6950 6400
DR 6480 6850 6900 6170 6430Pr 6160Pr S730pr 7200 7690 7060
7090F200
F 7380 7730 7150
CH 8160
[ ] 8270 6540
™ 7530 on 6285 7501 6811 6788 7450 8141 7700 L7464
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Distribution:

US DCE SPRQ (10)

900 Commerce Road East

New Ol eans, LA 70123

Attn: C Kilroy, PR 631
W Kunkel, PR-622
W Wittington, PR-622 (3)
Rousseau, PR-63

W Smth, PR 641

TDCS (2)

(&

J.
J.
D.
L.
M

U S. Department of Energy (2)
Strategi c Petrol eum Reserve
1000 I ndependence Avenue SW

Washington, D.C. 20585
Attn: R Snith
D. Johnson

Boeing Petrol eum Services (6)
850 South O earview Parkway
New Ol eans, La 70123

Attn: Eyer mann

MHenry

MIls

Sieners

Teerling

Wnn

Acres International Corporation (3)
140 John James Audubon Par kway
Anherst, NY 142281180

Attn: B Lanb

AR xeH

El ectric Power Research Institute
3412 H Il vi ew Avenue

P.0. Box 10412

Pal o Alto, CA 94303

Attn:  Bhupen (Ben) Mehta

Loui si ana Geol ogi cal Survey(3)
University Station; Box G
Bat on Rouge, LA 70893
Attn: C G Goat
W J. Autin
Brigid Jensen

Sol ution M ning Research
Institute

812 Miriel Street

Wbodst ock, |L 60098

Attn: H Fiedel man

Texas Bureau of Economi ¢
CGeol ogy (3)
Univesity Station,
Austin, TX 78713
Attn: W L. Fisher
M P. A, Jackson

S. J. Seni

Box X

Joseph D. Martinez
3641 S. Lakeshore Drive
Bat on Rouge, LA 70808

T. R Mgorian (12)
133 South Drive
Amherst, NY 14226

L. S. Karably

Law Environnental, |Inc.
223 Townpark Dr.
Kennesaw, GA 30144-5599

R L. Thorns

AGM Inc.

P.Q Box 10358

Col l ege Station, TX 77842

D. H Kupfer
7324 Menlo Drive #3
Bat on Rouge, LA 70808

A H Medley
1716 S. 75th E. Ave.
Tul sa, OK 74112

R Gnn

Underground Injection Control

Railroad Comm of Texas

Austin, TX 78711-2967



Injection and Mning Division
Loui siana O fice of-conservation
P.O Box 94275, Capitol Station
Baton Rouge, LA 70804-9275

Joe L. Ratigan

RE/ SPEC, | nc.

3824 Jet Drive
Rapid Gty, SD 57709

Amoco Production Conpany (3)
Expl oration Dept.
501 West Lake Park Bl vd.
P.O Box 3092
Houst on, TX 77253
Attn:  Alen Levine

WIliam Hart

Jeff Spencer

Gegory K Trahan
Hackberry Storage Facility
OXY USA, Inc.

101 darpha Rd.

Hackberry, LA 70645

Harry G Allison

CGol den Storage Services, Inc.
711 Louisiana, Suite 1600
Houst on, TX 77002

M. Ben Knape

Texas Water Commission

1700 N. Congree Ave.

P.O Box 13087 Capitol Station
Austin, TX 79811

Prof. Saul Aronow
Dept. Geol ogy

Box 10031

Lamar Univesity Station
Beaumont, TX 77710

PB-KBB I nc. (2)
11767 Katy Freeway
P.O Box 19672
Houston, TX 77224

Sandia Internal:

3141
3141

3151
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6225
6232
6232
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6253
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6257
6257
8524
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A. Landenberger (5)

L. Vard (8)
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